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It’s the Oxygens 


Scanning tunneling microscopy of cuprate 
high-temperature superconductors has 
revealed surprising inhomogeneity of the 
energy scales known as the superconduct- 
ing gap, pseudogap, and the critical tem- 
perature. Some of these effects have been 
correlated with chemical disorder of the 
materials caused by doping, but, because 
of technical limitations, only the dopants in 
a limited energy range have been imaged. 
Zeljkovic et al. (p. 320) extend this range 
to reveal the positions of the remaining 
oxygen defects in Bi,,,Sr,_,CaCu,0 


8+x° 


The Primordial Soup 


Protons and neutrons were originally thought to 
be indivisible, but we now know that they have 
constituent parts—quarks. Quarks are bound to- 
gether tightly through gluons and can only come 
apart under extreme conditions—conditions 
believed microseconds after the Big Bang to have 
formed a hot, dense “soup” of quarks and gluons, 
called the quark-gluon plasma (QGP). QGP can 
be made experimentally in heavy ion colliders, 
where extremely high temperatures are reached. 
Jacak and Miiller (p. 310) review the progress in 
this field and its unexpected ties to cold atomic 
gases and string theory. 


Crater Core 


The high-northern latitudes of the Arctic have an 
important influence on climate and constitute a 

region with a unique array of complex feedbacks 
that make it difficult to understand the workings 
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of its climate. Melles et al. (p. 315, published 
online 21 June) developed a 2.8-million-year 
record of Arctic climate, using a sediment core 
from a lake in northeastern Russia that was 
formed more than 3.5 million years ago by a 
meteorite impact. Pronounced glacial episodes 
began 2.6 million years ago but did not achieve 
orbital pacing for another 700,000 years. 


A Different Spin Transistor 


A typical transistor consists of a source and a 
drain; the current that makes it to the drain is 
controlled by applying voltage to the third ter- 
minal, called the gate. In spin-based electronics, 
where spin current is used instead of charge, the 
source and the drain are ferromagnetic materials 
connected by a narrow semiconducting channel. 
This design, however, suffers from low efficiency. 
Betthausen et al. (p. 324; see the Perspective 
by Zuti_ and Lee) combined homogeneous and 
helical magnetic fields to change the orientation 
of the spin on its way to the drain, preserving 
spin information over distances many times the 
spin mean free path. The transistor is “on” when 
the transport is adiabatic—i.e., slow enough for 
the spin to be able to adapt to the local magnetic 
field—and “off” otherwise. 


Magnetically Bound 


At the macroscopic scale associated with daily 
life on Earth, magnetic attraction can seem 
fairly strong—think of the great loads moved 
by magnetized cranes. Microscopically, how- 
ever, the field strengths attainable by human 
construction act as just a small perturba- 
tion on the Coulombic forces that bind 
atoms into molecules. Lange et al. (p. 
327; see the Perspective by Schmelcher) 
used theoretical calculations to examine 
atomic behavior in environments very 
close to certain stars, where magnetic 
fields exceed those attainable on Earth 
by factors of 10,000 or more. The results 
predict a distinct type of chemical 
bonding in which spin-parallel hydrogen 
atoms or ground-state helium atoms are drawn 
together into pairs. 


Who Influences Who? 


A goal in social science is how to assess people’s 
influence over one. Aral and Walker (p. 337, 
published online 21 June) describe a generalized 
method for identifying influential and susceptible 
members of social networks based on large-scale 
in vivo randomized experimentation. The method 
was used to estimate peer effects in consumer 
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demand for a commercial Facebook application 

in a representative sample of 12 million Facebook 
users. Older users were more influential than 
younger users, women were more influential 

over men than men over women, and married 
individuals were the least susceptible to influence 
in the decision to adopt the product studied. 


Sex Chromosome Evolution 


The fly genus Drosophilia has repeatedly gener- 
ated evolutionarily new sex chromosomes. To 
understand the changes shaping the X and Y 
chromosomes, Zhou and Bachtrog (p. 341), 
sequenced the genome of D. miranda, which 
formed neo-X and neo-Y chromosomes approxi- 
mately 1 million years ago. The data illuminate 
the ongoing conflict between selection for male 
and female function on the sex chromosomes 
and show that Y chromosome evolution is char- 
acterized both by a loss of gene function and 
selection for male-specific adaptations in genes 
beneficial to male functions. 


More than a Dash 
of Sea Salt 


The cycling of major elements, such as sulfur, in 
the oceans depends on a number of processes, 
from bacterial respiration of organic matter to 
venting of gases from hydrothermal vents on the 
seafloor. Over geologic time, sediment deposited 
on the seafloor preserves chemical records of 
major changes in sulfur cycling and seawater 
chemistry (see the Perspective by Hurtgen). 


Halevy et al. (p. 331) observed swings in sulfur 
isotopes in a stratigraphic database covering 
North America and the Caribbean that, when 
modeled, corresponded to variable evaporite 
preservation and high turnover of sedimentary 
pyrite. Wortmann and Paytan (p. 334) modeled 
the two most recent major swings in sedimentary 
sulfur isotopes over the last 130 million years and 
suggest that short periods of rapid fluxes in sulfur 
cycling were at least in part caused by the growth 
and dissolution of evaporite deposits. 
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which embeds scientists and engineers 
in the federal government for up to two 


years. From Congress to the State Depart- 


ment, each class of Fellows contributes 
to the policy-making process while 
getting hands-on experience at the inter- 
section of science and policy. As a AAAS 
member your dues support these efforts. 
If you’re not yet a AAAS member, join us. 
Together we can make a difference. 


To learn more, visit 
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Redox Status Incites Gametogenesis 


Germ cells differ from somatic cells in their chromosomal complement, being haploid rather than 
diploid. In animals, the germ cells are generally produced by a separate lineage set aside early in 
development. Plants, however, lack a reserved germ cell lineage. Kelliher and Walbot (p. 345; see 
the Perspective by Whipple) now show that, in maize, the key signal for germ cell production is 
hypoxia, which triggers differentiation of anther germ cells from a generalized field of progenitors. 
The specializing germ cells then induce differentiation of supportive somatic cells. 


Diversity of Interactions 


The diversity in interactions that occur between different species—such as predation, competition, and 
mutualism—is a fundamental feature of natural ecological systems. Using a theoretical model, Mougi 
and Kondoh (p. 349; see the Perspective by Boyd) show that the diversity of ecological relationship 
helps a biological community to be stable and thus may be key to the maintenance of biodiversity itself. 


Lysosomal Amino Acid Transporter 


Cystinosis is characterized by intralysosomal accumulation of free cystine, 
which results in age-dependent problems in the kidney, muscle, retina, 
and central nervous system. The disease-causing gene encodes a lyso- 
somal cystine transporter. The most effective therapeutic agent for cys- 
tinosis, cysteamine, depletes lysosomal free cystine by converting it to 
cysteine and the mixed disulfide cysteine-cysteamine, which can then 

be exported from lysosomes as a lysine analog through a putative lysine/ 
cationic amino acid transporter. Using an unbiased genetic screen for 
Caenorhabditis elegans mutants with increased accumulation of apoptotic 
cells or autophagosomes, Liu et al. (p. 351) now reveal the molecular identity of 

a lysosomal lysine/arginine transporter that plays a role in maintaining lysosome function and amino 
acid homeostasis and that can explain how cysteamine alleviates a lysosomal storage disease. 


Never Let Me Go 


Kinetochores are the structures within chromosomes that interact with the microtubules of the mitot- 
ic spindle during mitosis. By measuring the deformation of individual kinetochores in live mamma- 
lian cells, Dumont et al. (p. 355, published online 21 June) asked, how do kinetochores harness the 
free energy of microtubule depolymerization without losing grip of microtubules? Kinetochores con- 
tacted microtubules using two distinct mechanical interfaces: an active, force-generating interface 
near the microtubule tip, and a passive, frictional interface at least 20 nanometers away along the 
microtubule lattice. The separate active and passive interfaces allowed for intermittent force genera- 
tion and persistent microtubule attachment—both required for accurate chromosome segregation. 


Born to Stay Together 


For as many neurons as there are in the brain, there are many more astrocytes. These backstage 
workers perform a variety of functions, such as sustaining the blood-brain barrier and providing a 
stabilized environment for neurons. Diversity of astrocyte function is reflected in different molecular 
expression profiles. Tsai et al. (p. 358, published online 28 June) selectively labeled astrocytes that 
originated from different domains of the mouse spinal cord and found that not all astrocytes are 
created equal: Neighborhoods of astrocytes were defined by shared birthplaces. 


Size Matters Less 


X-ray crystallography is a central research tool for uncovering the structures of proteins and other 
macromolecules. However, its applicability typically requires growth of large crystals, in part because 
a sufficient number of molecules must be present in the lattice for the sample to withstand x-ray— 
induced damage. Boutet et al. (p. 362, published online 31 May) now demonstrate that the intense 
x-ray pulses emitted by a free-electron laser source can yield data in few enough exposures to un- 
cover the high-resolution structure of microcrystals. 
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Modeling Human Disease 


THE ASTONISHING RECENT ADVANCES IN THE TECHNOLOGY FOR DETERMINING DNA SEQUENCES HAVE 
made personalized genomics a foreseeable reality for the doctor’s office. This technology has 
started a whole new gold rush for human disease gene discovery and produced an onslaught of 
information that represents a new challenge in personalized medicine: connecting genotype to 
phenotype. Experimental organisms such as yeast, worms, fruit flies, zebrafish, and mice have 
long been critical for discovering the molecular mechanisms fundamental to life, thereby pro- 
viding a shortcut to understanding human biology. The new developments allow these model 
organisms to also provide key insights into the association of specific genes with human disease. 

Much of what we know about cancer can be traced back to basic studies in yeast cells aimed at 
decoding cell division. Likewise, studies in the worm revealed the mechanisms of programmed 
cell death and identified molecular targets that hold great promise for anticancer therapies. The 
fruit fly, an experimental workhorse in genetics for over a century, has 
elucidated cellular signaling pathways critical for human development, 
which often cause disease when dysregulated. And vertebrate model 
systems such as zebrafish, frogs, rats, and mice have provided insights 
into basic principles of cell and developmental biology with direct rel- 
evance to human disease. Yet despite their indisputable role in funda- 
mental discoveries, some critics are questioning the continued need 
for model organism research, arguing that new tools such as whole- 
genome sequencing and patient-derived cells have now made humans 
and their cells accessible for studies of genes and gene products. 

Such arguments ignore the massive amount that scientists have yet 
to learn in order to understand the function of even a single gene within 
the context of a living organism. Today, it is not possible to assign a 
function to at least half of the tens of thousands of proteins in verte- 
brate cells; moreover, it is the networks of interactions between them 
that make life possible, and the staggering complexity of these networks will require the inno- 
vative use of model organisms to decipher how these networks are used during embryonic 
development, adapted during aging and when environmental changes occur, and dysregulated 
in disease. Examples include using inexpensive, readily accessible model systems to tackle 
very complicated problems, such as how errors in protein folding cause neurodegeneration or 
discovering and understanding the astonishing and ever-expanding role of noncoding RNAs in 
regulating almost every aspect of cellular function. 

How is work in model organisms valuable to research on specific human diseases? The best 
recent examples come from genome-sequencing technologies that are being applied to discover 
possible causes of rare and common genetic diseases. This has led to the surprising finding that 
there are more variants in the coding regions of genes than previously anticipated. Moreover, 
there is compelling evidence for a major role of noncoding genetic variation in human disease, 
associated with changes in gene regulation. How does each of the many variants in genes and 
gene regulatory regions contribute to the risk for specific diseases or disease outcomes? Insights 
may come from modeling these variants in genetically more amenable organisms. 

We suggest a future in which model organisms will be deployed to work out the basic biol- 
ogy of newly discovered disease genes, assign functions to disease-associated variants, and 
even to uncover previously unknown disease genes. Remarkably, a goal to define all genetic 
contributors to a human disease is now fathomable. Some genes will be straightforward to 
find, but others (perhaps most) will require creative strategies. For example, unbiased genetic 
interaction screens in model organisms can be combined with human genetics to discover 
and validate disease genes. It is not time to abandon tried-and-true model organisms but 
rather to embrace the traditional model systems, develop new models, and forge collabora- 
tions between human geneticists and model organism researchers. Let’s combine the power- 
ful advances in human genetics with the versatility of model organisms to fulfill the promise 
of personalized medicine. — Aaron D. Gitler and Ruth Lehmann 


10.1126/science.1227179 
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SOCIOLOGY 
Intimidated by Equations? 


Although there is general agreement on the 
value of a strong tie between theory and data, 
forging links between theoretical and em- 
pirical approaches (and practitioners) is not as 
straightforward as it should be. New evidence of 
this disconnect comes from the work of Fawcett 
and Higginson, who examined the use of 
mathematical equations in 649 papers dealing 
with ecology and evolution that were published 
in 1998. They gathered citation data, exclud- 
ing instances of self-citation. An increase in the 
number of equations per page of main text cor- 
responded to a lower rate of citations. Overall, 
each additional equation in the main text of a 
paper was associated with a 28% decrease in 
the citation rate. Burying the equations in an 
appendix had a salutary effect on citation rate. 
When the citing papers were divided into theo- 
retical and nontheoretical on the basis of their 
use of the word “model” in the abstract or title, 
the authors observed that the negative effect 
was due to the nontheoretical papers not citing 
papers with equations. There are caveats to the 
conclusions—examinations over longer periods 
of time, analysis of the relative content of the 
papers, and examination of the effect for online 
rather than print publication are all warranted. 
Although the authors conclude that better math 
education for biologists is the best long-term 
solution, they suggest that more immediate 
strategies could include the addition of explana- 
tory text between equations. — B] 

Proc. Natl. Acad. Sci. U.S.A. 109, 10.1073/ 

pnas.1205259109 (2012). 


ECOLOGY 
Half Truths 


Deception is complicated because it requires 
the cognitive skills to both assess the potential 
for its efficacy and to 
carry it off. Cepha- 
lopods are known 
masters of deceptive 
behavior, often using 
camouflage as a way 
to rapidly mimic their 
environment, or even 
other organisms, in 
their attempts to avoid predation. Brown et 

al. now show that mourning cuttlefish (Sepia 
plangon) have taken this exceptional deceptive 
ability a step farther than mere run-of-the-mill 
camouflage. In most cuttlefish species, courting 
males assume a particular coloration when at- 


MATERIALS SCIENCE 


Hot Templating 


One method for creating ordered mesoporous materials is to use the phase separation of 
block copolymers to create a mold for patterning a second material. Typically, the structure 
of the template is fixed after solvent evaporation. Schuster et al. applied small-angle x-ray 
scattering (SAXS) to follow the pyrolytic formation of mesoporous carbon films using com- 
mercial triblock polymers as templates and oligomeric resol as a carbon precursor. They 
spin-coated these solutions onto silicon substrates or spread them onto the surface of porous 
anodic alumina membranes, then monitored the thermal evolution of their structures with 
grazing incidence or in situ SAXS, respectively. Analysis showed that the self-assembly of the 
mesoporous phase (cylindrical holes in a face-centered orthorhombic or circular hexagonal 
structure, respectively) does not occur after solvent evaporation but during pyrolysis, and 
that changes in the heating rate can lead to changes in the unit-cell parameters. — PDS 


tempting to mate with females. This coloration 
attracts females but can also attract rival males, 
who may displace the courting male. In order to 
avoid attracting these potential competitors but 
still maintain the female's 
attention, males will often 
perform split coloration 
displays. They mimic 
female coloration on the 
side of their bodies facing 
a rival, while displaying 
male courtship coloration 
on the side facing the 
female. Males perform this split display only 
when they are approached by a single male, 
presumably because it is only under these 
circumstances that they are able to maintain 

an appropriately deceptive angle. These results 
confirm the idea that mimicry can be highly 


J. Am. Chem. Soc. 134, 10.1021/ja208941s (2012). 


advantageous in many contexts and suggest that 
these types of social and deceptive interactions 
may have helped to shape the high cognitive 
functioning of cephalopods. — SNV 

Biol. Lett. 8, 10.1098/rsbl.2012.0435 (2012). 


CHEMISTRY 
A Glimpse of Gold 


Gold nanoparticles supported on titania have 
high catalytic activity; for example, in the oxida- 
tion of carbon monoxide at room temperature. 
What are the structural properties of the Au/ 
TiO, catalyst that enable this catalytic activity? 
Transmission electron microscopy has provided 
structural information, but the strong electron 
beam can damage the system, and it remains 
unclear whether the associated images represent 
the active structure of the catalyst. Kuwauchi 
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et al. now report the use of environmental 
transmission electron microscopy, which al- 
lows the catalyst to be studied under reaction 
conditions. They find that the nanoparticle 
morphology varies systematically in differing 
environments, changing from faceted to round, 
depending on the gases present. In contrast, the 
support maintains its crystallinity throughout 
the experiments, and the interface between the 
particles and the support also remains stable. 
By systematically studying the effects of electron 
irradiation on the structure, the authors derive 
conditions under which no detectable structural 
damage occurs, thus making it possible to de- 
duce the intrinsic structure of the catalyst under 
reaction conditions. — JFU 

Angew. Chem. Int. Ed. 51, 10.1002/ 

anie.201201283 (2012). 


PHYSICS 
Intrinsic Origins 


Interfacing two unlike materials may give rise 
to unexpected properties resulting from the 
asymmetry of the structure. Such is the case in 
two-dimensional interfaces of perovskite oxide 
films; in the best-known example of the LaAlO,/ 
S1TiO; (LAO/STO) interface, ferromagnetism has 
been observed even though neither of the two 
materials is magnetic in the bulk. This and other 
interface effects are thought to originate from 
STO, but whether they are an intrinsic property 
of the electron liquid in STO is not known. 
Moetakef et al. study the magnetism in STO 
using two systems: GdTiO,/STO heterostructures 
and La-doped STO films; in both cases, STO is 
doped with carriers, from the interface or the 
La dopants, respectively. The authors observe 
ferromagnetism in both systems, and super- 
conductivity coexisting with magnetism in the 
doped films. The ferromagnetic Curie tempera- 
ture increases strongly with the carrier density 
measured through the Hall effect, and the data 
from the two systems fall onto the same curve, 
indicating universal dependence and an intrinsic 
mechanism. — JS 

Phys. Rev. X 2, 021014 (2012). 


CHEMISTRY 
Figure Nine 


Nitrogen occurs naturally as a rather tightly 
bound neutral dimer, and anionic azide (N,-) 
salts have long been accessible as well. A cation 
composed purely of nitrogen arrived only much 
more recently on the scene, with the preparation 
of an N.* salt about a decade ago. The heavier 
congener phosphorus has followed a similar 
path: a variety of well-established neutral and 


EDITORS'CHOICE 


negatively charged morphologies, but until now 
no tractable cation salts. Kochner et al. have 
filled the gap with the preparation of a P,* salt. 
Key to its isolation was the use of an especially 
inert, aluminum-centered counterion adorned 
with trifluoromethyl groups. The synthesis 
entailed oxidation of neutral P, by the nitroso- 
nium salt of this counterion in dichlorometh- 
ane solvent. Ultraviolet irradiation facilitated 
reaction of an apparent [P,NO]* intermediate 
(and precipitation of excess neutral phosphorus) 
without damaging the ultimate product, which 
was isolable as a yellow-orange powder. Nuclear 
magnetic resonance spectroscopy in conjunction 
with theoretical calculations revealed a figure 
8-type structure, of D,, symmetry, in which a 
central tetracoordinate P atom bridges two clus- 
ters of four P atoms each. The salt was also char- 
acterized by mass spectrometry and infrared and 
Raman spectroscopy, and persisted for weeks in 
room-temperature solution. The authors envision 
prospective applications of the salt in currentless 
deposition protocols. — JSY 

Angew. Chem. Int. Ed. 51, 6529 (2012). 


ECOLOGY 
Diversity Persists 


Marine ecosystems are characterized by high 
tropical and low polar biodiversity, and are cor- 
related with water temperature. Fossil evidence 
hints at the persistence of such gradients for 
over 270 million years, but little is known about 
the details. Yasuhara et al. have chosen to exam- 
ine the fossil record for North Atlantic 
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zooplankton, because the fossils are abundant 
and the record is the most complete of any 
marine taxon. Times slices spanning the past 
3 million years showed that tropical-high and 
polar-low diversity persisted throughout this 
period, with highest diversities during the mid- 
Pliocene. It seems that the species that have 
gone extinct since the Pliocene had narrower 
thermal tolerances than modern species and 
were selected out by the glaciation. — CA 

Ecol. Lett. 15, 10.1111/}.1461- 

0248.2012.01828.x (2012). 
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Tanami Desert, Australia 1 
Conservation in the Desert 


The Australian government has designated 
10 million hectares of land in the Tanami 
Desert of the Northern Territory as a conser- 
vation zone—the largest in the country. The 
Tanami Desert is home to many endangered 


species, including 
the bilby, a long- 
eared marsupial 
(shown), and the great desert skink, a bur- 
rowing lizard that builds elaborate tunnel 
systems. The animals have been threatened 
by feral cats and foxes, as well as brush fires 
and cattle grazing. 

The region will be administered as 
an Indigenous Protected Area, under the 
supervision of indigenous communities. 
The government plans to spend 
$1.6 million over the next 2 years to fund 
the rangers; the Nature Conservancy will 
also contribute $500,000 to help manage 
the area. 


London 2 
U.K. Moves Toward Open Access 


The U.K. government has accepted the rec- 
ommendations of a report released last 
month that encouraged greater open access 
publishing of publicly funded research. Offi- 
cials announced on 16 July that over the next 
year, they will work to require stud- 
ies wholly or partly funded by tax- 
payers to be published in journals 
that are free to readers. The gov- 
ernment’s decision means that by 

1 April 2013, all papers from 
government-funded research must 
be published in an open access jour- 
nal; if not, the journal must make 
the paper open access after 

6 months. 

The original report, chaired by 
sociologist Janet Finch, recom- 
mended the open access publica- 
tion requirement because it would 
maximize the economic benefit of 
government-funded research. 

But the move is getting a criti- 
cal response from some researchers 
and universities who fear it could increase 
costs. The government’s decision could also 
mean extra costs for U.K. universities, crit- 
ics say, because in addition to paying article 
processing charges, research and university 
libraries will also have to continue paying 
for subscriptions until other countries adopt 
similar policies. http://scim.ag/Finchrep 


Washington, D.C. 3 


Panel Pushes to Scale Down 
Agro-Defense Lab 


Earlier this year, the Obama Administra- 
tion suspended plans for a $1 billion, highly 
secure laboratory for studying dangerous 


animal diseases, called the National Bio 
and Agro-Defense Facility (NBAF). Now, 

a new study from the U.S. National Acad- 
emies suggests rescuing the facility by scal- 
ing it down. 

NBAF was intended as a replacement 
for the aging Plum Island Animal Disease 
Center in New York. But amid controver- 
sies—including environmental groups’ 
concerns for the site’s planned location 
in Manhattan, Kansas, over the potential 
release of pathogens—the Department of 
Homeland Security (DHS) has struggled 
to secure funding from Congress, and the 
estimated cost of the facility grew from 
$450 million to more than $1 billion. 

DHS had asked the National Academies 
to study whether NBAF’s mission could be 
achieved by continuing with the Plum Island 
center or relying on biocontainment labs in 
other countries. The study concludes that 
neither option can enable the United States 
to protect animal and public health in the 
long term; instead, it recommends reduc- 
ing the price tag for NBAF by scaling down 
activities such as training, research on small 
animals, and vaccination research, and out- 
sourcing them to existing animal pathogen 
labs. http://scim.ag/AgroLab 


Paris 4 


Researchers Receive 
Controversial UNESCO Awards 


A tumultuous and divisive episode at the 
United Nations Educational, Scientific and 
Cultural Organization (UNESCO) ended 
Tuesday when three researchers received a 
life sciences award sponsored by Teodoro 
Obiang Nguema 
Mbasogo, the dic- 
tator of Equatorial 
Guinea. A broad 
coalition of human 
rights advocates, sci- 
entists, and health 
experts had fought 
almost until the last 
minute to prevent the 
ceremony from hap- 
pening. They say the 
award is an attempt 
by Obiang to buy 
credibility for his 
regime, which stands 
accused of human rights violations. 

The winners of the prize are Maged 
Al-Sherbiny from Egypt, for his research on 
vaccines and diagnostics against hepatitis 
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C and schistosomiasis; plant scientist Felix 
f, Dapare Dakora from Tshwane University 


Scientists Protest Canada's Budget Cuts as Antiscience 


Led by the Grim Reaper, a mock funeral procession of more than 2000 scientists 
marched on Canada’s Parliament last week to protest what organizers called a “sys- 
temic attack on science” by the country’s Conservative government. The “Death of 
Evidence” rally was organized by students at the University of Ottawa to protest 
budget cuts that will close the Experimental Lakes Area in northwestern Ontario and 
the Polar Environment Atmospheric Research Laboratory, two key environmental 
research programs; eliminate funding for a national science adviser; and convert the 
mandatory long form of the Canadian national census into a voluntary one, among 
other changes (Science, 29 June, p. 1627). 

The rally was timed to coincide with a large, international meeting of evolutionary 
biologists, many of whom joined the march. “Recent actions by the federal govern- 
ment suggest that our state is frightened by evidence and is retreating into a fantasy 
world,” says Arne Mooers, a biologist at Simon Fraser University, Burnaby. The Cana- 
dian government says the cuts are necessary to balance the budget and fund other, 
more-applied areas of science. 


Fertilized Blooms Deposit Carbon 


2 of Technology, Pretoria, in South Africa for 
= his work on legumes and soil bacteria; and 
Rossana Arroyo of the Centre for Research 
and Advanced Studies of Mexico’s National 
= Polytechnic Institute, who studies trichomo- 
= niasis, a parasitic disease. All three were at 

© the ceremony, which was boycotted by many 
3 Western countries. UNESCO Director- 

© General Irina Bokova, who opposed the prize 
= but was overruled in March by UNESCO’s 
58-member Executive Board, didn’t attend 
either. http://scim.ag/Obiangaward 
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To Deep Sea 


For the first time, scientists have direct 
evidence that carbon formed from algal 
blooms fertilized with iron does sink to the 
deep ocean—a finding that might renew 
interest in using iron fertilization as a way 
to sequester carbon dioxide and possibly 
mitigate climate change. 

Iron is a limiting nutrient in many parts 
of the ocean. Previous studies have shown 
that adding iron to the upper ocean stimu- 


“| can't find anyone in my 
peer group who believes in 
BioWatch. ... The only times 
it goes off, it’s wrong. I just 
think it's a colossal waste of 
money. It’s a stupid program.” 


—Ned Calonge, former chief medical 
officer for the Colorado Department of 
Public Health and Environment, 

to The Los Angeles Times on 7 July 
about the Department of Homeland 
Security's efforts to equip cities 

with devices to detect a biological 
terrorist attack. 


lates blooms of phytoplankton, which in 
turn take up increased amounts of carbon 
dioxide from the atmosphere. But it was 
unclear whether that carbon would then 
be prevented from interacting with the 
atmosphere by sequestering it away in the 
deep ocean. 

As part of the 2004 European Iron 
Fertilization Experiment, oceanographer 
Victor Smetacek of the Alfred Wegener 
Institute for Polar and Marine Research in 
Bremerhaven, Germany, and colleagues 
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tracked particles of phytoplankton biomass 
in the Southern Ocean as they sank from 
the surface to the ocean floor. More than 
half of the carbon captured by the algal 
bloom during the iron fertilization experi- 
ment sank more than 1000 meters, they 
reported this week in Nature. 
http://scim.ag/ironfert 
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Random Sample 


Swan Song for the Cernettes 


A woman in a puffy pink prom dress croons plaintively; three backup singers with beehive 
hairstyles sway and sing. Behind them all, a familiar giant particle accelerator curves away 
into the distance. 

“You never spend your nights with me. ... You only love your collider.” 

“Ooooh ... wop wop." 

For 22 years, Les Horribles Cernettes—CERN’s favorite 1960s-style girl group—have been 
serenading Geneva-based physicists with songs such as “Strong Interaction,” “Antiworld,” “Mr. 
Higgs,” and the aforementioned “Collider,” all written by the band’s creator, manager, com- 
poser, and keyboardist/bassist, Silvano de Gennaro. But on 21 July, the Cernettes’ era will 
come to an end, with one last performance at the CERN Hadronic Festival. (The show will be 
available on YouTube, http://www.youtube.com/user/cernettes). 

It all started in 1990, when a CERN secretary—tired of feeling neglected by her always- 
on-shift physicist boyfriend—asked de Gennaro (then a CERN computer scientist and former 
musician) to turn her tale of woe into a song. De Gennaro says he opted for doo-wop “because 
the average age at CERN was mid-50s.” He assembled singers and a band to perform the song, 
and the Cernettes were born. 

Over the years, about a dozen different singers have been in the group—CERN secretaries 
and interns, and outside talent from Geneva’s operatic society. “We never played for money,” 
de Gennaro says. “We played to get the physicists to smile and dance.” 

But now de Gennaro is retiring, so the act must disband. Ironically, the Cernettes went 
briefly viral last week, when news outlets reported that a 1992 still of the group was the first 
photo ever uploaded to the World Wide Web. De Gennaro demurs: When the photo was posted 
to CERN’s Web site, “they told me that this was the first photo of a band that appeared on the 
Web,” he says. “Somehow, this got twisted.” 


BY THE NUMBERS 

Number of different plankton taxa in the oceans according 
to a preliminary analysis of 27,000 samples collected by Tara Oceans, a sci- 
entific sailing expedition, from the Mediterranean Sea and the Red Sea to the 
Pacific Ocean and the Antarctic region. 


Percentage of the world’s 103 lemur species that are listed as critically 
endangered, endangered, or vulnerable by the International Union for 
Conservation of Nature. 


>>FINDINGS 


Global Warming Punched Up 
Some 2011 Extremes 


Human-induced global warming is 
increasing the chances that Texas 
will be hit with record heat and dry- 
ness or that the United Kingdom 
will have an unusually mild 
winter—but linking extreme 
weather to global warming isn’t 
always that simple, note a group of 
analyses in the July issue of the Bul- 
letin of the American Meteorological 
Society. For example, the strength- 
ening greenhouse had nothing to do 
with last year’s flooding in Thailand, 
the new analyses find. 

Researchers under the aegis of the 
U.S. National Oceanic and Atmo- 
spheric Administration and the U.K. 
Met Office used a variety of techniques 
to search for any link between the atmo- 
sphere’s mounting greenhouse gases and 


Rainfall in the catchment basin (red box) of Thai- 
land’s Chao Phraya river was not unusual in 2011; 
flood losses were likely due to floodplain building. 


extreme weather and climate around the 
world. Some methods involved climate 
modeling, while others drew on long cli- 
mate records for the regions involved. 

The backers of this first prompt analysis 
of extreme climate and weather events plan 
to make it an annual “attribution service” 
to sort out global warming’s effects on 
high-profile events while they are still fresh 
in the minds of the public and decision 
makers. http://scim.ag/2011extremes 


LIVE 


Join us on Thursday, 26 July, at 3 p.m. EDT 
for a live chat with leading experts on a hot 
topic in science. http://scim.ag/science-live 
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PATENTS 


U.S. Appeals Court Hears 
Gene Patent Arguments 


James Watson, co-discoverer of DNA’s dou- 
ble helix, has signed up as the most celebrated 
champion of a lawsuit that aims to block pat- 
ents on human genes. With a strongly worded 
amicus brief filed last month, Watson joined 
a long list of scientists and doctors who have 
intervened in the test case, scheduled for oral 
argument on 20 July. A three-judge panel in 
the U.S. Court of Appeals for the Federal Cir- 
cuit (CAFC) in Washington, D.C., will con- 
sider whether to invalidate patents on breast 
cancer genes owned by the Utah diagnostic 
company Myriad Genetics. Biotech lead- 
ers claim that if the patent critics win, their 
industry could suffer; they’re campaigning to 
preserve the status quo. 

At the center of this fight is a challenge 
to patents on the BRCA/ and BRCA2 genes, 
owned by Myriad since the late 1990s. Myr- 
iad’s opponents—led by nonprofit attor- 
ney Daniel Ravicher and colleagues at two 
New York City advocacy organizations, the 
Public Patent Foundation and the American 
Civil Liberties Union—hope to end Myr- 
iad’s monopoly on BRCA genes and under- 
cut many other DNA patents. They argue that 
genes are “products of nature,” not inven- 
tions, and for that reason are not patentable. 
Although U.S. courts have allowed such pat- 
ents for more than 3 decades, opponents say 
it’s not too late to reject them. Some judges 
have agreed. 

A US. district court in New York sided 
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with Ravicher and his allies in 2010, invali- 
dating many of Myriad’s claims (Science, 
9 April 2010, p. 153). That decision was partly 
overturned, however, when it reached the 
CAFC on appeal in 2011. The case then went 
to the Supreme Court, which didn’t issue an 
opinion; instead, it cited its own 9-0 rejection 
of a different nongene diag- 
nostic patent this spring and 
ordered the CAFC in March 
to take a fresh look at the mat- 
ter in the light of that rejection 
(Science, 30 March, p. 1550). 

The prolonged fight could 
well bounce back to the 
Supreme Court before it’s 
over, says a longtime follower 
of the case, attorney Harold 
Wegner of Foley & Lardner 
in Washington, D.C. What 
he finds “amazing” is the skill with which 
Ravicher and colleagues have kept the case 
moving, rallying public opinion to a cause 
that they portray as good social policy. Other 
combatants have focused more narrowly on 
the “nuts and bolts” of patent law, Wegner 
says, and the legal tacticians now appear to be 
on the defensive. 

The loudest shot fired at Myriad’s posi- 
tion so far, Wegner says, was from Watson. 
The brief filed by the 1962 Nobelist argues 
that courts should recognize that human 
genes are not ordinary molecules but are 
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“fundamentally unique” because they “‘trans- 
mit the instructions for creating humans.” 
Watson writes: “Life’s instructions ought not 
be controlled by legal monopolies created at 
the whim of Congress or the courts.” 

Watson gives a first-person account of the 
discovery of the double helix, explains how 
DNA encodes proteins, and notes that even 
great legal minds can falter when they offer 
an opinion on genetics—citing a comment 
by Supreme Court Justice Oliver Wendell 
Holmes Jr. in 1927 on the beneficial use of 
genetics to eliminate “imbeciles” from the 
population. Watson writes that he has long 
opposed human gene patents, saying that 
he was “forced to resign” as the head of the 
Human Genome Project at the National Insti- 
tutes of Health in 1992 because his views 
conflicted with those of the agency. He cites 
another Nobel winner, University of Man- 
chester geneticist John Sulston, who wrote 
that gene patents will “get in the way of 
[genetics-based] treatment unless you have 
a lot of money.” Watson argues that biotech 
companies don’t need human gene patents to 
make a profit and warns that multigene testing 
methods could be “unnecessarily delayed” or 
halted by a thicket of patent claims. 

Myriad disagrees. In its brief, it argues 
that the Supreme Court’s 9-0 decision in 
March rejecting a diagnostic patent held by 
Prometheus Laboratories is not relevant to 
this case. And the company reiterates an argu- 
ment made before, that pat- 
ents on BRCAJ and BRCA2 
do not run afoul of the ban 
on patenting natural prod- 
ucts because they are based 
on sequences taken from 
“isolated BRCA molecules” 
created in a lab. 

More than a dozen 
groups have filed amicus 
briefs, some for and some 
against gene patents. Some 
support gene patents in prin- 
ciple without specifically backing Myriad’s 
claims. The Biotechnology Industry Associa- 
tion (BIO), in a brief with the Association of 
University Technology Managers (AUTM) 
and others, argues that gene patents should 
not be restricted and warns of “far reach- 
ing negative consequences” if this advice 
is ignored. The BIO-AUTM brief says that 
“innumerable other patents claiming medi- 
cally and industrially useful compounds that 
are isolated or derived from natural sources” 
would be endangered, such as the antianemia 
agent erythropoietin, the antibacterial prod- 
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uct rapamycin, and a monoclonal antibody 
(muromonab-CD3) derived from the mouse 
and used in transplant therapy. 

The threat to biotech patents may not be 
as great as BIO suggests, says Robert Cook- 
Deegan, an expert on genetics and patents at 
Duke University’s Institute for Genome Sci- 
ences and Policy in Durham, North Carolina. 


SCIENCE FUNDING 


But he thinks that a sweeping ban on pat- 
enting natural DNA sequences would affect 
key industrial and agricultural products. He 
likes an amicus brief filed by the U.S. Justice 
Department, a view significantly not endorsed 
by the Patent and Trademark Office. It pro- 
poses a distinction between naturally occur- 
ring DNA and DNA that has been “markedly” 


or “significantly” altered to create a new 
invention during discovery. In this reading, 
the latter type of DNA is patentable but the 
former is not. Cook-Deegan thinks this fine- 
grained logic may be persuasive to judges at 
CAFC and the Supreme Court. If this rule 
were applied, Myriad might keep certain pat- 
ent claims and lose others. -ELIOT MARSHALL 


Stability at Last for Australian Synchrotron? 


MELBOURNE, AUSTRALIA—“‘Last week I was 
on Europa,” says Helen Maynard-Casely. The 
planetary scientist, based here at the Austra- 
lian Synchrotron, wasn’t just imagining a trip 
to the jovian moon. She has been using the 
third-generation machine’s intense x-rays to 
probe the structure of water and sulfate min- 
erals at high pressure and low temperature, 
simulating the composition and conditions of 
Europa’s ice sheet. 

A few months ago, Maynard-Casely’s 
virtual voyages to Europa were in jeopardy. 
Roiled by management disputes, the Austra- 
lian Synchrotron, brought online in 2007, was 
set to run out of funding last month before 
the federal and state governments rode in 
with a 4-year rescue package. Now, the facil- 
ity may find long-term stability. The federal 
government is expected to announce next 
month that the Australian Nuclear Science 
and Technology Organisation (ANSTO) in 
Sydney will take the troubled facility under 
its wing. “I have great expectations,” says 
William Thomlinson, former director of the 
Canadian Light Source and a former adviser 
to the Australian Synchrotron. “ANSTO will 
bring the synchrotron up to speed. I’ve seen 
them in action.” 

Thomlinson and others hope ANSTO’s 
stewardship will close a woeful chapter in the 
young synchrotron’s history. The saga began 
in October 2009, when the facility’s gover- 
nors sacked Director Robert Lamb (Science, 
1 January 2010, p. 20). Staff protested Lamb’s 
removal by staging a 3-month work slow- 
down: They ran the facility on a 9-to-5 sched- 
ule instead of the usual round-the-clock. In the 
meantime, seven of nine members of the syn- 
chrotron’s International Scientific Advisory 
Committee resigned. 

Another blow came when the $248.5 mil- 
lion facility was deprived of its champion, 
Victoria State Premier John Brumby. In 
November 2010, Brumby’s party lost elec- 
tions and the government changed hands. Vic- 
toria’s new leadership did not offer ongoing 
operating funds nor did the federal govern- 


ment pick up the bill, leaving the synchro- 
tron’s fate after June 2012 uncertain. 

The management turmoil happened 
despite the machine’s admirable performance. 
In 2006, it set a world record for the fast- 
est time for a synchrotron to start producing 
x-rays and set another record for reliability. 
Research highlights include solving the elu- 
sive structures of perforin and the pre-T-cell 
antigen receptor. “We’re getting a lot of firsts,” 
says Tom Caradoc-Davies, leader of the mac- 
romolecular crystallography team. 

What faltered instead was the synchro- 
tron’s complex governance. It was managed 
by a board reporting to five state governments, 
the federal government, the New Zealand gov- 
ernment, 30 universities, and 41 other organi- 
zations. ANSTO’s Richard Garrett, architect 
of the organization’s proposal to operate the 
synchrotron, recalls intricate white-board dia- 
grams of the Australian Synchrotron’s man- 
agement structure. “I remember wondering, 
“Where’s the synchrotron?’ ” 

Fissures in the ungainly alliance began to 


Under pressure. Helen Maynard-Casely uses the 
synchrotron to simulate conditions on Europa. 


appear when it was time for the machine to 
grow. When it opened, the Australian Syn- 
chrotron had eight beamlines and a ninth in 
development for diverting x-rays and infra- 
red light to experimental setups. But the 
machine was designed for 38 beamlines, 
each of which costs up to $10 million and 
requires major design input. “There was no 
one clearly charged with strategizing future 
growth, spending time with the government 
and so on,” says ANSTO Chief Executive Adi 
Paterson. As a result, the synchrotron has 
added no new beamlines since number nine. 

The synchrotron user community in Aus- 
tralia, meanwhile, has been growing at a rate 
of 600 per year. That has forced some sci- 
entists to go overseas for beam time. Keith 
Nugent, the director of the Australian Syn- 
chrotron, says it “has a 20-year lifetime as 
a state-of-the-art machine. We’re already 
5 years in and well behind.” By comparison, 
he says, the Canadian Light Source is barely 
3 years older than Australia’s but already has 
17 beamlines. 

The first ray of hope came last March, 
when Federal Science Minister Chris Evans 
announced a $103 million rescue package, 
of which the lion’s share will come from the 
Australian Research Council and universi- 
ties. Welcome as it was, the package required 
a 10% spending cut, forcing the facility to let 
several staff go, Nugent says. 

Now a lasting solution is at hand. Under 
an agreement that is still being finalized, 
an ANSTO-operated company will operate 
the synchrotron. If the deal goes through, 
Maynard-Casely plans to make the most 
of her time at the facility, where she has 
1 year left on her contract. Earlier this week, 
another beam run would bring her deep 
under the surface of Europa’s ice sheet, 
where, she says, “the pressure is equivalent 
to five elephants standing on a stiletto.” It’s 
up to ANSTO to remove the real-world pres- 
sure Maynard-Casely and her colleagues 
have been enduring. -ELIZABETH FINKEL 
Elizabeth Finkel is the author of The Genome Generation. 
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ECOLOGY 


The Metatron: Experimental 
Ecology Gets Connected 


Nestled in the foothills of the Pyrenees in 
France, an unusual new ecological labora- 
tory called the Metatron is set to provide 
insights into how animals disperse across 
landscapes—a sometimes mysterious 
process that can be crucial to conserva- 
tion. Composed of dozens of large, inter- 
connected white tents laid out across a 
4-hectare field, the sensor-rich facility will 
enable researchers to explore how factors 
such as light, temperature, and rainfall influ- 
ence animal movements. “There’s really 
nothing else like it,’ says ecologist Joshua 
Tewksbury of the University of Washington, 
Seattle. But he and others caution that the 
Metatron won’t be appropriate for studying 
all kinds of animals and that it isn’t an exact 
replica of the natural world. Still, initial 
studies published this week suggest that the 
facility, which celebrated its official ribbon- 
cutting earlier this month, can mimic natural 
conditions for some small creatures—such 
as lizards and butterflies—that can be hard 
to track in the wild. 

The Metatron is the brainchild of Jean 
Clobert, director of research for the Exper- 
imental Ecology Station of the French 
national research agency (CNRS) in Mou- 
lis, France. Clobert has studied the dis- 
persal ecology of lizards for years, and he 
conducted some small-scale experiments 
that allowed the reptiles to move through 
cages and corridors. But he was frustrated 
by the inability to control the environmen- 
tal conditions that can influence movement, 
or to better replicate natural communities 
by introducing other types of animals to 
his system. Adding this kind of complexity 
would have required “a big jump,” he says. 
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In 2007, Clobert took that leap, rais- 
ing €1.6 million for the Metatron from the 
European Union, the French government, 
and other sources. Clobert’s team chose the 
name to reflect the Metatron’s focus on meta- 
populations and metacommunities: groups 
of organisms living in different places that 
interact in various ways. The name is also a 
nod to the 20-year-old Ecotron, a pioneering 
indoor laboratory facility at Imperial Col- 
lege London, Silwood Park. 

The Metatron offers researchers a lot of 
flexibility and control. Its 48 insect- and 
rodent-proof tents enable them to create 
many replicates, increasing the statistical 
power of experiments. Each tent covers 100 
square meters of grass—a sizable amount 
of habitat for smaller animals. Motorized 
roofs allow scientists to vary the amount of 
light, while sprinklers control precipitation 
and influence humidity. What’s most novel 
are the corridors. Tents have up to four doors 
leading into passageways to adjacent tents, 
each of which can have different environ- 
mental conditions. The doors can be closed 
at the top or bottom to give flying or walking 
animals choices for where they would like 
to go next. 

Clobert and his colleagues started two 
pilot experiments in August 2010, when the 
facility was half-finished. They released 339 
common Eurasian lizards (Zootoca vivipara) 
and tracked them for 10 months. Many of 
the lizards spread among the chambers and 
reproduced at natural rates, the team reports 
online this week in Nature Methods. Another 
project showed that large white butterflies 
(Pieris brassicae) appeared to behave nor- 
mally in the Metatron. “What they’ve done 


Published by AAAS 


NEWS&ANALYSIS 


A-maze-ing. Metatron tents can be darkened and 
cooled by shutters to study animal dispersal. 


is show that it works” with two very different 
types of organisms, says Marc Cadotte of the 
University of Toronto, Scarborough. 

The big question is exactly how realistic 
the Metatron can be. For example, the but- 
terflies used in the pilot experiment may be 
too mobile to gain robust ecological insights, 
says Nick Haddad of North Carolina State 
University in Raleigh; they can fly greater 
distances than the entire Metatron, he points 
out. And although the setup is “very impres- 
sive,” says Ran Nathan of the Hebrew Uni- 
versity of Jerusalem, its corridors are not as 
interconnected as in nature. Life in captiv- 
ity may also skew results. To sort out which 
behaviors and patterns might be a byprod- 
uct of the Metatron, researchers will need to 
conduct control studies of the same species 
in natural settings, predicts Martin Wikelski 
of the University of Konstanz in Germany. 

Clobert agrees, and he has a head start 
from studying natural populations of 
Eurasian lizards for 24 years in the 
Massif Central. Now, he’s using the Meta- 
tron to examine the impact of higher tem- 
peratures on lizard dispersal, as well as 
how they prey on insects in fragmented 
landscapes. Other researchers have started 
a menagerie of experiments with bumble- 
bees, damselflies, and amphibians, hoping 
to discover, for example, whether butter- 
flies move to new habitats to avoid inbreed- 
ing and how climate warming affects simple 
food webs. The facility will consider other 
proposals, which a small committee evalu- 
ates for merit and ability to contribute to 
operating expenses. 

Ultimately, the Metatron could yield 
basic insights in ecology. “Its primary pay- 
off to the scientific community will be by 
testing fundamental principles and theoreti- 
cal predictions,” Cadotte says. And although 
such basic work may not immediately con- 
tribute to conservation, Haddad imagines 
diverse applications: The Metatron could be 
used to test whether conservation corridors 
can unintentionally spread invasive species, 
for instance, or whether genetically modi- 
fied organisms, such as mosquitoes or crops, 
alter ecosystems. 

In the meantime, Clobert and his team 
plan to enhance the Metatron by adding an 
animal tracking system and connections 
among corridors to make them more real- 
istic. They’ve also submitted a proposal to 
build equivalent systems for streams and 
ponds. 

—-ERIK STOKSTAD 
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TRAINING AND WORKFORCE 


What If the Science Pipeline Isn't Really Leaking? 


The metaphor of a leaky pipeline is a fix- 
ture in discussions of whether enough U.S. 
students are pursuing careers in science and 
engineering. And scholars have explored in 
great detail why so many who profess a pas- 
sion for science lose that inclination as they 
move through the education system. 

However, a new book on the over- 
all health of the U.S. scientific enterprise 
argues not only that the pipeline isn’t leaky, 
but that it’s the wrong metaphor. “There is 
little evidence that science suffers a ‘leaky 
pipeline’ during the college years that dis- 
proportionately steers students away from 
scientific fields and toward non-scientific 
studies,” write Yu Xie of the University of 
Michigan, Ann Arbor, a sociologist and 
longtime analyst of the scientific work- 
force, and Alexandra Killewald, his former 
doctoral student, who this month joined the 
faculty at Harvard University. 

Xie and Killewald argue that the pipe- 
line paradigm ignores two important vari- 
ables: students who obtain an undergraduate 
science degree after switching from a non- 
science field, and those who drop out of 
school before earning any degree. Those 
omissions, the authors assert, make the pipe- 
line a fatally flawed description of a system 
that they believe is actually doing a pretty 
good job of meeting the country’s need for 
scientific talent. 

While that conclusion goes against the 
accepted wisdom, experts find the new book 
persuasive. “I think they have made a pretty 
good case [on both issues],” says sociologist 
Robert Hauser, head of the Division of Behav- 
ioral and Social Sciences and Education at 
the National Research Council of the U.S. 
National Academies. In particular, he adds, 
“the pipeline is clearly a much more com- 
plicated story [than most people realize]. It 
doesn’t look like there is a wholesale slaugh- 
ter of kids hoping to become scientists.” 

Xie and Killewald draw their conclu- 
sion from national longitudinal studies of 
high school seniors and their career aspira- 
tions. In particular, the pair found that the 
percentage of college graduates who earned 
a degree in natural sciences or engineer- 
ing was higher than the percentage of high 
school students who said they hoped to earn 
such a degree. In the most recent cohort— 
students who graduated from high school 
in 1992 with plans to attend college—the 
comparable figures for men are 28.3% and 
27.5%; for women, it’s 13.2% and 10.5%. 


The numbers are comparable for the 1972 
and 1982 cohorts. (A study following stu- 
dents who graduated from high school in 
2004 is still under way.) 

Those figures don’t mean there is no 
attrition. Individual students do drop out of 
science, Killewald says, and moving into 
science at the graduate level is much more 
difficult, Xie adds. But at the undergraduate 


New message. Yu Xie and Alexandra Killewald reex- 
amine accepted wisdom on scientific workforce trends. 


level, those turning away from science are 
outnumbered by “switchers,” or those who 
enter from nonscience fields. The phenom- 
enon is especially noticeable among women 
who decide to go into the life sciences. In 
fact, Killewald says, the pipeline paradigm 
“captures less than 40% of the women who 
end up with science degrees.” 

The other big flaw in the pipeline para- 
digm, Xie and Killewald argue, is its failure 
to distinguish between students who aban- 
don science for other fields and those who 
simply drop out of university. Among men in 
the 1992 cohort who fall short of their goal 
of earning a science degree, Killewald says, 
“70% receive no college degree at all, while 
only 30% receive a nonscience degree.” 

Aspiring science and engineering majors 


actually have a lower dropout rate than those 
planning to earn nonscience degrees—45% 
versus 51% for men, and 34% versus 40% 
for women. Those numbers, Killewald says, 
suggest that “the leaks in the science pipe- 
line are really leaks in the education pipe- 
line.” What she calls an “unequal access to 
higher education,” a combination of eco- 
nomic, educational, and cultural factors that 
make it harder for students to attend and 
complete college, also undermines attempts 
to attract more Latino and African-Ameri- 
can students into science. 

The authors give a flat no to the book’s title 
question, [s American Science in Decline? 
Stagnant salaries, gloomy job prospects for 
academics, and growing international com- 
petition are indeed cause for concern, they 
write. But U.S. science is holding up surpris- 
ingly well, they say, and the country is more 
likely to benefit than be hurt by scientific 
advances elsewhere. 

The book also takes issue with the widely 
cited figure that only one in three persons with 
science and engineering degrees is working 
in a science-related job. It’s a statistic used 
by those who argue that the country already 
has too many scientists. “The real figure is 
between one-half and two-thirds,” Xie says. 
The discrepancy comes chiefly from includ- 
ing those with social science degrees, a group 
that comprises half of all science degrees but 
for whom Xie says there exists “a weak link- 
age’ between their degrees and their careers. 
The authors say it makes more sense to track 
only those with degrees in the natural sci- 
ences and engineering. 

Hauser, who says “they are dead right on 
the definition of the workforce,” also believes 
the authors’ analysis has important implica- 
tions for the broader, ongoing debate about 
training scientists (Science, 22 June, p. 1489). 
“Tt really comes down to how many folks you 
want to see in these fields,’ Hauser says. “If 
you think that the nation requires a lot more 
scientists, then you’ll be troubled that the 
numbers aren’t growing more rapidly.” 

Although Xie and Killewald believe 
there is compelling evidence for the need to 
rethink U.S. policies on training scientists, 
the authors do not plan to lead that debate. 
“We will not be making any clear-cut policy 
recommendations,” they write. “On a subject 
as complicated and difficult as the scientific 
workforce, we feel that any attempt to do so 
would be presumptuous and foolhardy.” 

—JEFFREY MERVIS 
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COMMERCIALIZING RESEARCH 


NSF Program Offers Start-Up 101 


To Its Grantees 


New technologies are a dime a dozen. But a 
new technology with the right business plan 
behind it is much rarer. This week, the U.S. 
National Science Foundation announced it 
is expanding a program to teach budding sci- 
entific entrepreneurs how best to tailor ideas 
from their NSF-funded research to attract 
investors and, eventually, customers. 

The program is called Innovation Corps, 
or I-Corps. It was launched last fall at Stan- 
ford University, which developed an 8-week 
pilot course to train scientists in how to take 
that first step from the laboratory to the 
marketplace. This month, Stanford-trained 
instructors welcomed the next round of 
54 I-Corps grantees to classes being held at 
the Georgia Institute of Technology and the 
University of Michigan, each of which have 
received grants of $1.5 million to extend the 
program. On 18 July, NSF issued a solici- 
tation to award similar grants to five more 
institutions. NSF hopes to spend a total of 
$19 million on I-Corps in 2013, up from 
$7.5 million this year. 

“We’re wildly supportive of I-Corps,” 
says Lesa Mitchell, vice president of inno- 
vation and networks for the Ewing Marion 
Kauffman Foundation, which specializes 
in promoting entrepreneurship. “It’s imple- 
menting everything that we have been trying 
to do. And we’re eager to see how they scale 
up the program.” 

I-Corps has also caught the eye of some 
members of Congress, although a partisan 
divide has emerged about whether it’s some- 
thing NSF should do. Representative Dan 
Lipinski (D-IL), a member of the House sci- 
ence committee, is so gung ho about the pro- 
gram’s potential to teach academics how to 
start a small business that he attended the final 
presentation of the second I-Corps cohort 
in May. He also cajoled Representative Mo 
Brooks (R—AL), who chairs the science com- 
mittee’s research panel, into holding a hearing 
on the topic this week in his Chicago district. 

“NSF spends all of this money on basic 
research,” says Lipinski, a systems engineer 
turned politician. “So let’s try to teach some 
of these grantees how to be successful entre- 
preneurs and see if it winds up producing 
new products.” 

Brooks didn’t address the program’s edu- 
cational component when he opened the hear- 
ing. Instead, he raised the familiar Republican 
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criticism about federal programs that try, in 
his words, “to determine which companies 
succeed and which fail.’ He wondered if NSF 
has the expertise to make such decisions and 
if, as a $7 billion basic research agency, it 
should even be funding such activities. 
Although NSF officials would be delighted 
if the program helps to revive a sluggish U.S. 
economy, program manager Errol Arkilic says 
the agency’s goal is more modest: “to take an 
idea in an academic’s head and somehow get 


it out of the academic institution.” The pro- 
cess of testing the market is similar to what 
researchers do every day in their labs, explains 
serial entrepreneur Steve Blank, who agreed to 
adapt his Lean LaunchPad course at Stanford 
for I-Corps: “Come up with an idea, fail, learn 
from your failure, and repeat as necessary in 
the shortest possible amount of time.” Toward 
that end, I-Corps grantees are expected to get 
feedback from at least 100 industry contacts 
while taking the course. 

Each $50,000 I-Corps grant is shared 
among a three-member team: a principal 
investigator on a current or recent NSF grant 
that generated the underlying technology, a 
graduate student or postdoc with the itch to 
become an entrepreneur, and a mentor with 
a history of successful start-ups willing to 
share his or her experience. “Most profes- 
sors aren’t interested in leaving academia, 
and they have a lot of other things going on,” 
Arkilic says. “But there may be someone in 
their lab who’s motivated by all the potential 
upside of the technology and who’s willing 
to jump over all the hurdles that stand in the 
way of commercializing it.” 
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Jason Gu is such a person. In December 
2010, Gu, then 26, received his Ph.D. from 
Carnegie Mellon University (CMU) in Pitts- 
burgh, Pennsylvania, under Lisa Porter. By 
August 2011, he was co-founder and CEO 
of SenSevere, which, based on results from 
an NSF grant that Porter received, has devel- 
oped a novel chemical sensor technology 
capable of withstanding high-pressure, high- 
temperature environments. Next month, the 
company will begin a field test of its sensors 
at an industrial plant in the Midwest. (A non- 
disclosure agreement prevents Gu from pro- 
viding details.) 

Gu, Porter, and Robert Davis, another 
CMU professor and successful entrepre- 
neur, were in the first cohort of I-Corps 
grantees. Right now, Gu is the only paid 
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Sensing success? Jason| Gu (left) 
and Jacob Melby hope SenSevere's 
technology will be a commercial hit. 


employee of SenSevere, which maintains 
a lab at CMU under a licensing agreement 
with the university. “There’s no such thing 
as a part-time entrepreneur,” Gu says about 
his long days and weeks. But his new job, he 
adds, “‘is a lot more fun than being a postdoc 
because you have more ownership in what 
you’re doing. I can even see a little bit of 
myself in the company.” 

Porter has no plans to leave academia and 
become an entrepreneur. But she’s pleased to 
assist those with such a bent. Another of her 
graduate students, Jacob Melby, expects to 
become SenSevere’s second employee after 
he completes his Ph.D. this summer, and a 
third student is weighing the commercial 
applications of a potentially patentable inven- 
tion from an unrelated project in her lab. 

“A business plan for a start-up is com- 
pletely different than a business plan for a 
large company,” Porter says. “You have to be 
very flexible and nimble in adapting to what 
youre hearing. And I’m in a much better posi- 
tion now to recognize and help those around 
me who want to become entrepreneurs.” 

—JEFFREY MERVIS 
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Their lab helped reveal how faulty genes cause cancer, but Bert 
Vogelstein and Kenneth Kinzler sometimes irk colleagues with their 
“reality check” comments on genomic medicine 


IN APRIL, AS SCIENTISTS AT A CANCER 
meeting in Chicago were wowing audi- 
ences with their new DNA studies, geneti- 
cist Bert Vogelstein stood by with a bucket 
of cold water. At a briefing, he told a room- 
ful of reporters that his own work shows 
how little value a key genetic approach— 
whole-genome sequencing—will have for 
preventing cancer. Using data from identical 
twins, his team estimated how well whole- 
genome tests could spot individuals at risk. 
Most people, the model showed, would get a 
negative result because inherited mutations 
very rarely predispose us to cancer. Yet about 
one-third of those who test negative will still 
develop cancer, triggered by environmental 
factors and bad luck. “It would be great if we 
could determine who will and will not get 
cancer from sequencing their DNA, but the 
reality is, we won’t,” Vogelstein said later. 
Vogelstein’s sobering message, picked up 
by The New York Times and other publica- 
tions, irritated some scientists: They claimed 
the study had flaws and wasn’t saying any- 


thing new. True, papers with similar findings 
had been published before, unnoticed by the 
press. But Vogelstein says that although the 
bottom line may have been familiar to some 
scientists, his study used a novel model to 
quantify the limits of personal genomes for 
public health. He says he also wanted to drive 
home the message that the only sure way to 
reduce cancer is through screening and a 
healthy lifestyle. 

Some colleagues say the paper was a typi- 
cal dart thrown by Vogelstein, who is known as 
a contrarian. Vogelstein (a longtime member 
of Science’s board of reviewing editors) and 
collaborator Kenneth Kinzler, who co-directs 
their lab at the Johns Hopkins University 
medical campus, helped lay the foundation of 
cancer genetics by revealing how mutations in 
key genes lead to a tumor. Their work helped 
inspire others to use genetics to predict cancer 
risks and develop personalized cancer treat- 
ments. Yet today, Vogelstein often offers what 
he calls a “reality check” on such efforts. Last 
month, for example, his team warned about a 


Gene wizard. Bert Vogelstein helped launch mod- 
ern cancer genetics after discovering key mutations. 


flaw in so-called targeted drugs that dramati- 
cally shrink tumors: They inevitably fail when 
resistant tumor cells take over. 

“He sees things in very interesting and 
provocative ways,” says cancer geneticist 
Stephen Chanock of the U.S. National Can- 
cer Institute (NCI) in Bethesda, Maryland. 
Vogelstein “wants to make a quick difference 
and a quick hit. I would guess he thinks his 
job is to push the field along,” says cancer 
geneticist Joe Gray of Oregon Health & Sci- 
ence University in Portland. Gray adds: “But 
whenever Bert talks, I listen.” 

In the past few years, Vogelstein and 
Kinzler have shifted away from discovering 
new cancer genes to a less glamorous pursuit: 
using genetic tests to detect common tumors 
as early as possible, when they are easiest to 
cure. This is not mainstream work, they say: 
“Society is fixated on curing advanced can- 
cer. It’s considered a success even if you’re 
just reducing patients’ cancer burden for a few 
months, not prolonging their lives for a long 
time,” Vogelstein says. But it’s a natural pro- 
gression of earlier research, the two said in 
a recent interview at their upper-floor lab in 
downtown Baltimore, Maryland, two blocks 
from where Vogelstein was born. 

Vogelstein, 63, small and trim with a griz- 
Zled beard, irreverent and humorous, wore his 
usual jeans and a white dress shirt. Kinzler, a 
tall, boyish-looking 50, was in khakis. Their 
research was never driven by curiosity about 
biology, Vogelstein says, but by “an over- 
whelming desire to empty the cancer clinics 
across the street.” 


Cancer genes 
After studying mathematics at the University 
of Pennsylvania, Vogelstein went to medi- 
cal school at Johns Hopkins, becoming a 
pediatric oncologist. His frustration at being 
unable to explain cancer—to tell parents why 
their 4-year-old daughter had leukemia, for 
example—inspired him to pursue research. 
In 1989, while working with colon tumor 
tissue, which they could obtain for differ- 
ent cancer stages, his group showed that the 
mutated 7P53 gene was not a cancer driver 
as had been thought but a tumor suppres- 
sor. Mutations that cause the gene to lose its 
function occur often in many different cancer 
types. Vogelstein says his decision to work 
with “messy” human tumors, not cell lines or 
animals, might be the reason why it took him 
three tries to get a grant from NCI. 

In the late 1980s, Vogelstein also unveiled 
what’s now a textbook model of how colorec- 
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tal cancer develops. He and Kinzler, who 
joined the lab as a graduate student, later 
showed how the slow accumulation of muta- 
tions in specific genes leads to tumor growth. 
They went on to discover a string of major 
colon cancer genes. These studies all started 
by analyzing human tumors for mutations. 
Their guiding principle was that if a gene 
drives cancer, it will often be mutated. Trying 
to figure out a gene’s importance by studying 
its function, they say, can be misleading. Just 
because the mutation alters a disease process 
doesn’t mean it’s the cause. It was “a com- 
pletely different view” from what many other 
scientists believed, Vogelstein says. 

The two built a highly competitive lab 
whose members played as hard as they 
worked. They installed a Ping-Pong table 
near the postdocs’ desks; the lab held bas- 
ketball and tennis tournaments. They had a 
rock band, Wild Type, composed of cancer 
biologists, with Vogelstein on keyboard and 
Kinzler on drums. Lab members got free use 
of a beach house. A quirky tradition arose 
in interviews of prospective postdocs: Can- 
didates were asked to wear a Burger King 
crown when they spoke about their graduate 
work. “If you were not willing to wear the 
crown, you were probably a little too high- 
strung for the lab,” says Devin Dressman, a 
former Vogelstein postdoc who is now at Life 
Technologies in Beverly, Massachusetts. 

Vogelstein and Kinzler rarely travel 
to speak at meetings. They prefer to stay 
involved in their lab’s experiments and avoid 
being swayed by what’s popular, or the “herd 
effect,” Vogelstein says. Instead, Vogelstein 
keeps up on the latest science by devouring 
the literature: “He reads more than any other 
human I know,” Dressman says. 


Cancer's own genome project 

After human DNA was fully sequenced in 
2003, cancer geneticists around the world 
began to envision their own genome proj- 
ect. Instead of homing in only on suspected 
cancer genes, they would do a more sweep- 
ing search and systematically sequence the 
entire genome of patients’ tumors and com- 
pare the results to DNA in normal cells to 
find all possible cancer genes. Vogelstein and 
Kinzler declined to join the pilot phase of a 
proposed $1 billion project funded by NCI 
called The Cancer Genome Atlas (TCGA). 
Instead, using private funding, they set out 
to sequence the first “cancer genome” in 
a handful of breast and colorectal tumor 
samples—enough, according to their theory, 
to find the most important genes. They nar- 
rowed the search to focus on protein-coding 
DNA, the so-called exome. 
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It was an ambitious goal, especially because 
high-throughput sequencing machines 
weren’t available. They accomplished it by 
brute force, performing about 200,000 poly- 
merase chain reaction experiments on each of 
22 patient tumor samples to amplify 13,000 or 
so genes. They sent the DNA to a commercial 
lab for traditional Sanger sequencing. Then 
they waited for results. 

The gamble paid off: In 2006, Vogelstein’s 
group published the first rough exomes for 
breast and colorectal cancers in Science (13 
October 2006, p. 268). Data revealed both 
known and new cancer genes in varying fre- 
quencies—the authors called them moun- 
tains and hills—as well as daunting variations 
in patterns from one tumor to the next. Some 
researchers were critical: In Technical Com- 
ments in Science, TCGA leader and genome 


Reality check. Vogelstein and Kenneth Kinzler have identified flaws in some plans to use cancer genomics 
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ing new genes, however. He and Kinzler 
agree that the more comprehensive NCI- 
backed genome atlas work is “invaluable” 
because it will find rare mutations and fill in 
gaps in our knowledge about the pathways 
that lead to uncontrolled tissue growth. But 
their own lab is moving on to other things 
after sequencing exomes for 20 cancer 
types. “We’re focusing on different ques- 
tions now—applications as opposed to dis- 
covery,’ Kinzler says. 


Twins and cancer 

One question that drew the Johns 
Hopkins group was: What fraction of the 
population would benefit from whole- 
genome sequencing? They had already 
used exome sequencing in 2009 to look for 
genes linked to pancreatic cancer common 


for treatment and risk prediction. They aim to develop a blood screening test to find early cancers. 


researcher Eric Lander of the Broad Institute 
in Cambridge, Massachusetts, among others, 
argued that the Johns Hopkins team had used 
faulty statistical methods and tested too few 
tumors to yield meaningful results. 

Vogelstein and Kinzler moved on to 
glioblastoma exomes in 2008 and found an 
important new oncogene, JDH1. This was a 
slight embarrassment for the NCI collabora- 
tion, whose glioma project sequenced only a 
set of candidate cancer genes in a large num- 
ber of tumors and missed /DH1. 

Reviewing work by his group and oth- 
ers in his talks, Vogelstein seems ambiva- 
lent about the value of tumor DNA scans. 
More than 1000 of these surveys have added 
only a few dozen new cancer-driver genes 
to the 80 or so that were previously known, 
Vogelstein says. This includes some intrigu- 
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in one family. (Researchers compared the 
genomes of affected and nonaffected fam- 
ily members to pinpoint a responsible gene, 
PALB2.) Like screening for the BRCA breast 
cancer genes, identifying individuals with 
rare but high-risk pancreatic cancer genes 
might help some avoid death from the dis- 
ease. This work led the group to wonder 
what might be gained if everyone’s entire 
genome were sequenced, Vogelstein says. 
If a major fraction of the population carried 
high-risk genes, then sequencing everyone 
might make sense. 

Because homozygous twins have iden- 
tical genomes, the researchers could learn 
about their inherited disease risks with- 
out DNA sequencing, by comparing health 
records. Data on nearly 54,000 twin pairs, 
most in Europe, allowed the Johns Hop- 
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kins group to model how risks were dis- 
tributed across the population. They found 
that genome testing had potential value. 
With a positive result defined as an over- 
all disease risk of 10%, the average person 
would likely test positive for at least one dis- 
ease, such as heart disease or diabetes. But 
genome scans would not help much with 
identifying risks for common cancers, they 
reported in Science Translational Medicine 
and at the meeting of the American Associ- 
ation for Cancer Research (AACR) in Chi- 
cago in April. For most people, the risks 
associated with inherited DNA are small or 
nonexistent, they found—and 
trivial compared to risks from 
random mutations and factors 
such as smoking and obesity. 
NCI’s Chanock suggests that 
the twins data included too few 
cases of specific cancers to yield 
definitive results: “I would not 
take this as the final word on the 
value of the genome,” he says. 
But Lander, despite his criticism 
of the group’s work on tumor 
exomes, says the twins study » 
“makes an important point” even 
if it just “confirms what we 
have known all 
along: Genes are 
not everything.” 
Lander says his 
own view has 
always been that 
genetic risk stud- 
ies are most useful 
for pointing to the 
biology underlying 
diseases, not for pre- 
dicting personal risks. 


Antihype 
Vogelstein seems to enjoy pricking balloons. 
Recently, he has focused on a new target: 
exuberance over targeted cancer drugs. He 
says he got interested after seeing a paper last 
year on melanoma therapy. It included pho- 
tos of the torso of a man with melanoma who 
had received a new drug aimed at a mutated 
gene called BRAF. Before treatment, the 
patient’s skin was riddled with metastatic 
tumors; soon after treatment, the tumors 
vanished, and the man looked perfectly 
healthy. Five months later, the tumors reap- 
peared in exactly the same locations. The 
photos “blew my mind,” Vogelstein says. 
“Why do the tumors all return at roughly 
the same time? It’s almost as miraculous as 
when they disappear.” 

Targeted drugs for other cancers usually 


stop working after about the same number 
of months, presumably because rare resis- 
tant cells in the tumors continue to grow and 
ultimately proliferate. To investigate, Luis 
Diaz and others in the Vogelstein-Kinzler 
lab drew on a sensitive technique they had 
developed for detecting mutations in the 
very small amount of tumor DNA present 
in a cancer patient’s blood. They collected a 
series of these “liquid biopsy” measurements 
from patients with advanced colorectal 
cancer whose tumors had become resistant 
to a targeted cancer drug. With Harvard 
University computational biologist Martin 


Nowak, they 
devised a 
model showing 

that even before 

the patient begins treatment, some 
tumor cells always carry genes with random 
mutations that can support resistance to tar- 
geted drugs. This form of resistance, they 

wrote last month in Nature, is therefore “a 

fait accompli.” 

But the modeling study also suggested 
that this resistance can be delayed by com- 
bining two drugs that target different path- 
ways. Indeed, Vogelstein and colleagues 
suggest that once a targeted drug has passed 
initial safety trials, it’s so clear that single- 
drug therapy will fail that they consider it 
unethical to give patients just one such drug. 
“Why shouldn’t you design a large, very 
expensive trial to incorporate more than one 
agent?” Vogelstein asks. 

Memorial Sloan-Kettering Cancer Cen- 
ter cancer researcher Charles Sawyers, who 
helped develop Gleevec, the leukemia drug 


that paved way the way for other targeted 
therapies, says he agrees with Vogelstein’s 
message: “We have to move to combinations 
as quickly as possible.” 

The Vogelstein-Kinzler lab is attacking 
cancer from several new angles, including an 
unusual clinical trial that involves destroy- 
ing tumors by injecting them with bacteria. 
But the project closest to Vogelstein’s heart 
right now is an effort to develop the liquid 
biopsy method as a general cancer-screening 
test. The aim is to look for a set of mutations 
commonly found in tumors that can be iso- 
lated from circulating blood. 

Vogelstein and Kinzler argue 
that DNA mutations offer “clar- 
ity” compared to other blood- 
sampling approaches that focus 
on more complex protein or 
gene-expression markers. At 
the AACR meeting, Vogelstein 
described his group’s latest blood 
test results for 304 patients with 
several types of cancer. Nearly 
all with metastatic tumors had 
detectable mutations in their cir- 

| culation; more than 50% of those 

whose cancer had not yet metas- 
tasized had them; and none of 82 
controls. “I think we’re getting 
very close with the technology,” 
says Vogelstein, who owns stock 
in a German company, Inostics, 
that is commercializing the test. 

Although Vogelstein seems 
aS passionate about research 
as ever, he has stepped back in 

recent years, others say. He now goes on 
vacations. Lately, he’s been spending two 
afternoons a week with his two grandchil- 
dren, a time that Johns Hopkins neurosci- 
entist Joshua Vogelstein (their uncle) thinks 
is probably “the best part of his week.” The 
lab has gotten “leaner and meaner,” Kinzler 
says: It’s down from a peak of about 40 lab 
workers (including six faculty members) to 
perhaps 30—one reason is that sequencing 
now involves less lab work. Wild Type hasn’t 
picked up their instruments since Kinzler’s 
wife fell ill with leukemia 10 years ago and 
died 6 months later. “We had to stop and we 
never started up again,” Vogelstein says. 

Vogelstein has no plans to retire: “I was 
born here and when I die they’ll wheel me 
out on a cart,” he says. Before that, he says, 
he has one overriding goal: that a cancer- 
screening test based on mutations in tumors 
will become a routine part of everyone’s 
annual physical exam. “I just want one of 
those tests to be the standard of care. That’s 
the one thing.” -JOCELYN KAISER 
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Ta king the Measure of Madidi 


Researchers journey into one of the world’s most diverse areas to help predict the 


future of our planet's trees 


MADIDI NATIONAL PARK, BOLIVIA—It felt 
like an old-fashioned treasure hunt. For 5 days, 
two biologists, a botanist, and their students 
braved collapsing cliff-side roads, clambered 
across rushing rivers, and hacked their way 
through forest to reach this spot on their map. 
The researchers fanned out 
through the jungle, navi- 
gating thorny underbrush 
and armies of stinging 
ants, in search of small 
metal tags. A shout 
broke through over the 
rush of the nearby creek: 
“Number 191!” Moments 
later, calls from all direc- 
tions: “Sixteen is over here!” 
“Seventy-two!” “I’ve got 12!” 
The excitement mounted as 
they located and read off dozens 
of numbered tags that had been 
nailed into trees 7 years ago. 
Despite the giddiness, the 
endeavor was serious. This was ; 
day one of fieldwork in a 3-week % 
expedition, part of the ongo- ' 
ing Madidi Project, to measure 
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Biodiversity gem. Bolivia's 
Madidi National Park pro- 
tects one of the world’s more 
diverse areas. 


tree growth here in one of the planet’s most 
unusual protected areas. For the students, 
locating silver strips obscured by moss or 
leaves in the middle of a forest the size of 
Vermont was like discovering buried trea- 
sure. For the Madidi Project’s director, Peter 
Jorgensen of the Missouri Botanical Garden 
in St. Louis, who started tagging Madidi’s 
trees almost a decade ago, it was “like 
finding old friends.” 
: Those friends, it turns out, 
have an increasingly 
important tale to tell. Bot- 
anists and biolo- 
gists have long 
grounded their 
understanding of 
the natural world 
on long-term 
projects such as 
Madidi. Recur- 
rent surveys of 
the same com- 
munities gener- 
ate data that help 
researchers fig- 
ure out how spe- 
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Tracking trees. Peter Jorgensen started tagging 
trees in 2004 to understand forest diversity. 


cies interact in the face of environmental 
change or nearby human activity. As climate 
change descends upon us, it’s becoming criti- 
cal to identify factors influencing tree sur- 
vival. “Local populations of trees have three 
options,” says Nathan Kraft, a biologist at the 
University of Maryland, College Park. “They 
can move, adapt, or die off.’ By “move,” he 
means that trees have the ability to shift their 
range when threatened in their current habi- 
tat, say by long-term drought or a more com- 
petitive species. Through seed dispersal and 
other regeneration mechanisms, trees can 
move to a better area. Otherwise, to survive, 
they must adapt, evolving traits better suited 
to the new conditions. The choices will deter- 
mine the biodiversity of future forests. “Only 
once we know how species will behave can 
we figure out how to save them,” not just in 
Madidi but elsewhere as well, Jorgensen says. 


It's not easy being a botanist 
Madidi National Park is home to 11% of 
the world’s bird species and an estimated 
12,000 plant species. Located in northwest- 
ern Bolivia, it is one of the largest, most 
diverse protected areas on the planet, on 
par with Madagascar’s national parks and 
Colombia’s Chocé jungle. It is also remark- 
ably untouched. Aside from the handful of 
communities living inside the park and lim- 
ited ecotourism on its eastern edge, human 
activity is scarce in the area. “Madidi is excep- 
tional for scientific study,’ says Peter Raven, 
president emeritus of the Missouri Botanical 
Garden, the main sponsor of ongoing studies 
here, “because of this lack of disturbance.” 
For biodiversity researchers, it has another 


attribute: the lon- . 
Online 


gest continuous ele- 
vation gradient on | 
sciencemag.org 
Podcast interview 


the planet. The park 
ranges from Andean m with Jean Friedman- 
peaks of just over — Rudovsky (http://scim.ag/ 
6000 meters above __ pod_6092). 

sea level to the Ama- 

zon basin, approximately 180 meters above 
sea level. “Madidi is like a laboratory for 
climate change,” says the Madidi Project’s 
Bolivia coordinator, Alfredo Fuentes, a La 
Paz—based botanist at the Higher University 
of San Andrés in La Paz, Bolivia, Bolivia’s 
largest university. Because temperatures drop 
as the elevation increases, species in Madidi 
can theoretically shift uphill instead of adapt- 
ing to global warming in place. “Madidi offers 
an excellent opportunity to watch reactions to 
climatic change,” Fuentes says. 
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Rainforests may be the conservationist’s poster child, but they fall short as models of the true 
complexity of our planet's biodiversity. So says Peter Jorgensen, a botanist at the Missouri 
Botanical Garden in St. Louis, whose long-term project in Bolivia promises to shake up our 
understanding of the distribution of tree species in tropical South America. The Madidi Project 
(see main text) charts the changes in tree communities growing along an elevation gradient that 
plunges from above 6000 meters in the mountains to 180 meters above sea level. By identifying 
all trees at least 10 centimeters in diameter within hundreds of research plots along this gra- 
dient, Jorgensen and his colleagues have built a database that allows them to examine spatial 
patterns of diversity in ways not possible from studies limited to rainforests, which tend to be 
comparatively homogeneous because they are confined to the lowlands. 

The Madidi Project focuses on comparing the rate of turnover of species in a sample of 
plots—a concept known as beta diversity. “It’s about trying to understand why a certain spe- 
cies lives in one area and not in another nearby,” says Brad Boyle, a biologist at the University 
of Arizona in Tucson. To gauge beta diversity, researchers count the number of species in vari- 
ous plots. Then they ask: How many species are common to the plots? How many are different? 
The higher the number of species found in only one plot, the greater an area's beta diversity. 

Researchers want to know why beta diversity is higher in some areas than others. Why do 
some species thrive in two different areas while some drop out? “There are many different fac- 
tors,” says Nathan Kraft, a biologist at the University of Maryland, College Park, including cli- 
matic tolerance, soil quality, rainfall, and the differences in the dispersal abilities of species. 
“The really important next step is determining the relative importance of these factors and how 
they interact.” 

His work shows that the high beta diversity along elevation gradients arises because so many 
species are capable of living in these areas that by chance each plot has numerous species not 
found in another nearby (Science, 23 September 2011, p. 1755). But Jorgensen and his col- 
leagues suspect that chance is not the most important factor. They think that high beta diversity 
in tropical mountain forests like those of Madidi is driven by a special mix of environmental fac- 
tors. They hope an analysis under way will prove them right. “The value of [the Madidi Project] is 
in testing diversity theories of a landscape with real actual data, which is very rare,” says Thomas 
Lovejoy, biodiversity chair at the Heinz Center in Washington, D.C. “It speaks to the importance 
of matching theories and what happens in nature.” 

Kraft is eager to see the results: “The strength of the Madidi data set is that it’s intensively 
sampled and spans a broad elevation gradient. It will be a great step forward.” -).F-R. 


The Madidi Project, launched by the Mis- 
souri Botanical Garden in 2001, has begun 
to capitalize on an opportunity not only to 
look at the effects of climate change but also 
to test existing theories about what controls 
biodiversity. Researchers are looking in par- 
ticular at factors that influence the composi- 
tion of plant communities, a concept known 
as beta diversity (see sidebar). The project’s 
entire data set includes more than 206,000 
trunks and about 2400 tree species. “Nothing 
along these lines has been done before,” says 
Thomas Lovejoy, biodiversity chair at the 
Heinz Center in Washington, D.C. 

From 2001 to 2010, the project established 
442 small plots (0.1 hectare) and 50 large 
ones (1 hectare) throughout the park, each 
of which are now demarcated by small plas- 
tic tubes topped by a strand of orange fabric. 
Within each plot, researchers mapped, identi- 
fied, tagged, and noted the characteristics of 
all trees with at least a 10-centimeter diameter, 
establishing a baseline. 

Now, several expeditions a year here mea- 
sure these trees, ideally returning to each plot 
every 5 years to take stock of the changes. Dur- 
ing this visit in April, the group will remea- 
sure more than 1600 trees from three plots 
in a semideciduous tract of Madidi ranging 
between 900 and 1100 meters above sea level. 
(One plot is on the banks of a river, one on a 
slope, and another on a crest.) Every tagged 
tree’s location is double-checked against a 
map from the plot’s establishment, and if a 
tagged tree has died, the team tries to establish 
the cause of death by examining the stump or 
remaining limbs for evidence of infection or 
other impacts such as a lightning strike. 

Before their first trip, “everyone thinks it’s 
like being on vacation,” says Denmark-born 
Jorgensen as he swats away swarming mari- 
wees, gnatlike insects that sting. It’s the first 
day working the plots, and his neck is already 
swollen from bee stings and ant bites in the 
campground the night before. 

Around him, the number calls continue, 
but they are no longer random. Rather, at 
each tagged tree, the researchers methodically 
sound off with codes that correspond to every 
possible characteristic: width, height, smell, 
bark texture, closeness to canopy, leaf pat- 
terns, and more. “I’ve got to be very careful to 
enter everything right,’ says Esther Mosque- 
ria of the Higher University of San Andrés. 
Her undergraduate biology thesis will be on 
Madidi’s tree population. She scribbles furi- 
ously to keep up with her colleagues’ shouts. 

One of the local guides accompanying 
the group is 3 meters off the ground, balanc- 
ing on a thick branch leaned against a tree. 
He wraps a tape measure around the midsec- 
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tion of a large trunk. Many trees in this area 
have aboveground root structures, so team 
members must climb to measure the trunk 
diameter accurately. Tree height is estimated 
(with roughly 90% accuracy) because taking 
an exact measurement through triangulation 
would triple the fieldwork time. 

Species identification is a key component 
of the project; the team double-checks trees 
identified in the past, taking samples back for 
confirmation if there’s any doubt. “You can 
have a ton of data, but it doesn’t mean any- 
thing if you can’t consistently identify and 
standardize the species,” says Brian Enquist, 
an ecologist and evolutionary biologist at the 
University of Arizona in Tucson. While iden- 
tifying tree species might seem the task of a 
third-grader, “in tropical areas, the extreme 
number of species means identification is 
exceptionally difficult,’ says Ivan Jiménez, 
a botanist at the Missouri Botanical Garden 
who analyzes the Madidi Project’s data. 

More than 6 hours later, everyone has 
worked up a sweat—better to be covered 
from head to toe than ravaged by insects and 
spiky trunks and bushes. Just before sun- 
down, they head back to the small camp- 
site, which is roughly one-quarter the size of 
a football field and took a day of machete- 
slashing to clear. Shared tents ring a com- 
mon area with a large table and benches built 
out of branches and 8-meter-tall river grass 
stalks, held together with string. The wife of 
one of the guides prepares meals and boils 
stream water for drinking. But not even the 
burning fire can mask an omnipresent odor 
of nearby “wild-garlic” trees. 

At night, wearing headlamps, team mem- 
bers press leaf samples into old newspapers to 
store them intact for the trip back. They listen 
to Bolivian rock on a battery-operated MP3 
player and tell bad jokes until they collapse 
onto their foam sleeping pads, anticipating a 
dawn wake-up call to repeat the day’s activity. 


For the record. The location of each tagged tree is mapped and recorded for 
future visits. 
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How big? Researchers go to great lengths to mea- 
sure trunk diameters of surveyed trees. 


“Tt’s not easy being a botanist,” says biol- 
ogy student Eber Renjito of the Higher Uni- 
versity of San Andrés. 


How forests work 

The scale of the Madidi Project makes the 
hardships worthwhile. Already a decade old, 
the project is slated to go on for at least one 
more year or longer if continued funding can 
be found. Other similar biodiversity stud- 
ies are smaller and have a shorter life span. 
Relatively few are based in the tropics, even 
though tropical plant species are among the 
most susceptible to climate change. And 
very little is known 
about tree patterns 
in tropical moun- 
tainous zones such 
as the Andes. 

What is known 
points to a move- 
rather-than-adapt 
strategy for coping 
with climate change. 
Miles Silman, a biol- 
ogist at Wake Forest 
University in Win- 
ston-Salem, North 
Carolina, has stud- 
ied an area of Peru 
with a similar eleva- 
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tion gradient to Madidi. His work has shown 
that many trees are in fact shifting their ranges 
to higher, cooler ground rather than trying to 
adapt in place to increasing temperatures. 

That’s what Sebastian Tello, a biologist 
with the Madidi Project based at the Mis- 
souri Botanical Garden, thinks is going on in 
Madidi. Adaptation requires genetic change 
that occurs over the course of generations. 
Woody plants have long lives, so the shifts in 
genetic composition are extremely slow. “In 
general, we hypothesize that it’s easier for tree 
species to move than adapt,” Tello says. 

Yet other environmental factors may 
impede geographical shifts by certain species, 
causing them to be left behind even as com- 
munity compositions change. For example, 
the project’s research has found a species-rich 
belt within Madidi, between 1000 and 1500 
meters above sea level, that mixes trees from 
the lowlands and the mountains. “What will 
happen to this belt is uncertain,” Jorgensen 
says, “since species adapted to lowlands and 
flat areas are not particularly well adapted to 
growing on sloping terrain.” Trees with large 
buttresses, for instance, might be in danger 
because they may not be able to survive on 
a hill. “The high-diversity belt may shrink or 
disappear completely,” he says. 

Having even a vague idea of whether a 
community or species is at exceptional risk 
of disappearing is a main goal. “This kind of 
research is fundamental if you want to have 
representative ecosystems going into the 
future,” Lovejoy says. Ideally, research like the 
Madidi Project gives policymakers an idea of 
which areas are most in jeopardy and in need 
of protection. “Since there is limited money 
for conservation,” Jorgensen says, “we want 
to make sure the areas with greatest range of 
species, as well as the species that may have 
less chance for survival, are protected.” 

He warns, though, against drawing firm 
conclusions about climate change’s effect on 
forests even after accumulating a mass of data 
over 10 years. A decade is not long enough. 
Sustaining the work over many decades may 
be the most important element to advanc- 
ing this research. But Jorgensen admits that 
his own days of fieldwork might be nearing 
their end. “I’m getting a little too old for this,” 
says the 54-year-old, red in the face and tired 
already. He hopes his Bolivian colleagues will 
take over the expeditions while he focuses on 
taxonomy and data analysis back at his desk 
in St. Louis. “It may be decades before we 
can really understand how our forests will 
change,” he says. “But Madidi is a start.” 

—-JEAN FRIEDMAN-RUDOVSKY 


Jean Friedman-Rudovsky is a journalist based in 
La Paz, Bolivia. 
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The Ingredients for a 4000-Year-Old Proto-Curry 


When cooks in the ancient Indus 
River civilization prepared their 
meals 4000 years ago, the results 
may not have been much different 
from what you might order today in 
an Indian restaurant. Recent stud- 
ies presented at the meeting found a 
surprisingly diverse Indus diet that 
incorporated spices such as ginger 
and turmeric, beans such as lentils 
and mung, grains such as rice and 
millet, and even bananas. An explo- 
sion in food-related studies, thanks 
to both new tools and new interest 
in rural villages, provides excit- 
ing clues to day-to-day life in the 
Indus, says Indus expert Jonathan 
Mark Kenoyer of the University of 
Wisconsin, Madison, who was not 
directly involved in the studies. 
With Egypt and Mesopotamia, 
the Indus was among the first urban 
civilizations, centered on today’s 
Pakistan and India. The Indus peo- 
ple built a half-dozen massive cit- 
ies around 2500 B.C.E. that mostly 
fell into ruin after 1800 B.C.E. No 
Indus texts have been deciphered, 
however, and few images found, 
leaving scholars with fundamental 
questions about how the people lived, worked, 
and worshipped. But some of their traditions, 
including food preparation, may live on. 
Archaeologists have long spotted burnt 
grains such as wheat, barley, and millet at 
Indus sites, but identifying vegetables, fruits, 
nuts, roots, and tubers has been more chal- 
lenging. Researchers are increasingly using 
phytoliths—the mineral secretions left by 
plants—to identify specific plant remains, 
as well as starch grain analysis (Science, 2 
July 2010, p. 28). Plants store starch gran- 
ules as food, and the microscopic leftovers 
can be identified by researchers. For exam- 
ple, anthropologists Arunima Kashyap and 
Steve Weber of Washington State University, 
Vancouver, in Canada analyzed starch grains 
from human teeth from the ancient town of 
Farmana, west of Delhi, and found remains of 
cooked ginger and turmeric. They also found 
those ingredients inside a cooking pot. Dated 
to between 2500 and 2200 B.C.E., the finds 
are the first time either spice has been identi- 
fied in the Indus. Cow teeth from Pakistan’s 
Harappa—a major Indus city—yielded the 
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same material. “It’s like India today,’ Weber 
says. “Cattle wander around eating trash,” 
including the remains of cooked meals. In 
some Indian regions such as the western 
province of Gujarat, some families still leave 
food remains outside the house as a ritual 
offering to cattle. 

Whether or not these spices represent the 
earliest curry is not clear: Kashyap and Weber 
note that what makes curry curry is disputed 
even today. Black pepper and chili peppers, 
for example, are common in the dish today 
but were later imports to India. 

Even bananas, not known to have been 
cultivated here until late medieval times, have 
turned up at three scattered Indus sites. A team 
led by Marco Madella, a Barcelona archae- 
ologist with the Spanish National Research 
Council, found phytoliths of banana on grind- 
ing stones at Farmana. Phytoliths at the site 
of Loteshwar in Gujarat and at Kot Diji in the 
Indus heartland in Pakistan were also found. 
“T’m not confident in saying it was cultivated,” 
Madella says. “But clearly the Indus people 
were in direct contact with people to the east,” 


where the plant grew wild. 

Indus farmers also grew a surpris- 
ingly wide array of grains and beans. 
Many archaeologists once thought 
that the society depended primar- 
ily on crops such as wheat and bar- 
ley, which were planted in winter. But 
new data from rural villages chal- 
lenge that idea. Examining two sites 
near today’s Masudpur, west of Delhi, 
University of Cambridge archaeolo- 
gist Jennifer Bates compared carbon- 
ized seed and phytolith density per 
liter of soil near hearths to determine 
the relative abundance of crops by 
period and site. Bates found that both 
villages practiced summer and win- 
ter cropping, and both ate wheat, bar- 
ley, millet, and rice from early Indus 
times, as shown by nearby pottery; 
she also identified lentils and mung 
beans. Rice has long been assumed to 
be only a late addition in the Indus, 
yet one village apparently ate more 
rice than wheat or barley, although 
millet dominated. 

Many of these crops have uses in 
addition to pleasing Indus palates, 
Kenoyer notes. Burned bananas pro- 
duce salt, ginger can treat illness, and 
turmeric is used for both poultices and dye- 
ing cloth. The data may also shed light on how 
specialized and exotic foods reflected class 
differences, he says. -A.L. 


Diving Into the 
Indian Ocean's Past 


Nearly 15 years ago, two fishers in the waters 
off the southern coast of Sri Lanka hauled up 
a stone slab etched with ancient Hindu sym- 
bols. During a brief 2008 dive, archaeologists 
retrieved pottery and glass ingots. Then, in 
December 2011, with funding from the US. 
National Endowment for the Humanities and 
other sources, researchers began the first sys- 
tematic dives to examine what appears to be 
the oldest known shipwreck in the Indian 
Ocean, radiocarbon dated to between the 2nd 
and Ist centuries B.C.E. Because almost noth- 
ing was known about seafaring in this time 
and place, the wreck promises to remake our 
understanding of the region and era, says team 
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Clear sailing: Divers explore 
an ancient Sri Lankan wreck 
that could.offersclues tosearly 
Indian Ocean trade. 


member Osmund Bopearachchi, a historian at 
the University of Paris, Sorbonne. 

Archaeologists suspected that traders 
crisscrossed the Indian Ocean at this time, 
but the evidence was slim. Just a century or 
so later, merchants from India and the Roman 
Empire plied the Indian Ocean, trading cot- 
ton, glass, and spices. But textual references 
and archaeological evidence of earlier mari- 
time trade are extremely rare; the only known 
South Asian shipwrecks date from medi- 
eval times. Indians and Arabs dominated the 
medieval trade, which connected Europe and 
China, but its origins are murky. 

The Sri Lankan wreck offers the first 
good look at such trade. The island, which 
lies off the southeastern coast of India, was 
an important Buddhist kingdom that even- 
tually became a wealthy port of call. The 
ship remains lie near the estuary of Walawe 
Ganga, one of the nation’s few navigable riv- 
ers. Just upstream lies Godavaya, a recently 
excavated monastery dating to the 2nd cen- 
tury B.C.E.; monastic settlements often 
played an important economic role at this 
time. Other nearby settlements go back to 
the 4th century B.C.E., says Bopearachchi, 
who works with underwater archaeologist 
Deborah Carlson of Texas A&M University, 
College Station, as well as the maritime unit 
of the Sri Lanka Department of Archaeology. 

Only surface surveys have been done 
to date, examining artifacts spread across 
40 meters of ocean floor that mark it as the site 
of a sunken ship. Massive glass ingots, used 
to make expensive vessels, were part of the 
ship’s cargo and provide what Bopearachchi 
calls “the best physical evidence for the early 
exchange of raw glass in South Asia.” Sam- 
ples from both the glass and nearby pieces of 
metal point to an Indian origin, and the ship 
may have been bound for the port, he says. 

Its remains lie in 34 meters of water amid 
strong currents, but the water is crystal clear, 
and conditions are good for diving during 
the winter monsoon. Archaeologists hope 
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that the ship itself may 
lie below the bottom, 
providing evidence of 
shipbuilding technol- 
ogy. The team plans to 
begin excavating at the 
end of this year. The 
results “might lead to 
a rewriting of the eco- 
nomic, social, religious, 
and cultural history of 
the area,” Bopearach- 
chi says. Others agree 
that the find will shed 
needed light on a criti- 
cal trade route. “This is the Silk Road of the 
sea,” says Hans-Joachim Weisshaar of the 
German Archaeological Institute in Bonn. 

-A.L. 


Persians Made the 
Afghan Desert Bloom 


North-central Afghanistan is a harsh desert 
of dunes long thought to have been uninhab- 
ited save for the occasional hardy nomad; 
even today the region is sparsely settled. But 
a French team surveying the region north 
and west of Mazar-i-Sharif has recently dis- 
covered large settlements organized around 
an impressive water system dating back 
2500 years. No other culture before or since 
has managed to support large settlements in 
this desolate region. The find could provide 
exciting new information on irrigation tech- 
niques that made the early central Asian des- 
ert bloom, say the small cadre of archaeolo- 
gists who work here. 

Roland Besenval, an archaeologist with 
the French national research agency in Paris; 
Eric Fouache, a geoarchaeologist at the Uni- 
versity of Paris, Sorbonne; and others identi- 
fied more than 30 large settlements, all dating 
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to the period of the Achaemenid Persian 
Empire, which flourished from the shores 
of Greece to western India in the 5th and 
4th centuries B.C.E. The empire was over- 
whelmed by Alexander the Great late in the 
4th century B.C.E. The archipelago of north- 
ern Afghan settlements appears to have died 
out at that time or a little earlier, and has been 
largely uninhabited ever since. 

Many of these towns or garrisons had 
massive walls that have been hidden in the 
sands. One site, Altin Dilyar Tepe, first noted 
by Russian researchers in the 1970s, sits on 
a hill that the French team determined was 
an artificial mound, showing that enormous 
manpower was used to build it, Besenval says. 

Using a tiny, instrument-filled drone called 
a hexacopter, the team spotted a 2-meter-wide 
linear feature that led to a 60-by-80-meter 
basin near Altin Dilyar Tepe. The mud-brick 
canal stretches for nearly 10 kilometers, 
pierced periodically with at least two other 
large basins that coincide with settlements. 
Besenval says this apparent aqueduct likely 
carried water for farming from the Balkh 
River, which flows out of the mountains, 
across the harsh desert. Achaemenid pottery 
found nearby dates the structure as early as the 
5th century B.C.E. By the 4th century B.C.E., 
a drying climate may have made this always- 
marginal land too difficult to farm even with 
irrigation, Besenval adds. 

In Central Asia, where water remains 
a key and scarce resource, the discov- 
ery of a sophisticated water system this 
ancient excited archaeologists at the meet- 
ing. Besenval’s interpretation of the feature 
“is very convincing,” says archaeologist 
Pierfrancesco Callieri of the University of 
Bologna in Italy, who has dug in Central 
Asia. Besenval also recently found signs 
of irrigation at a site in Tajikistan that dates 
back long before the Achaemenids, as early 
as the 4th millennium B.C.E., suggesting 
that irrigation has old roots in the area. 

Because of security issues, the 
researchers couldn’t stay overnight 
near the Afghan sites, so they have yet 
to establish details such as the aque- 
duct’s gradient or whether it stretches 
another dozen kilometers to reach the 
Amu Darya river to the north. Besen- 
val is eager to return to gather more 
data, but security concerns kept him 
out of the field entirely last season. 
“Our visits have been too short,” he 
says in frustration. “And we have so 
many questions to ask.” 

-ANDREW LAWLER 


See abstracts at http://www.easaa.cnrs.fr/ 
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Retraction 


On the basis of new experiments (NMR studies with '’O-labeled compounds and varying 
pH, additional x-ray crystallography, and others), the authors of the Report “A late-transition 
metal oxo complex: K,Na,[O=Pt'Y(H,O)L,], L =[PW.O3,]°” (/) have concluded that the full 
body of data does not support structural assignment of the title compound as a terminal plati- 
num oxo. As a result, we retract the publication. The assignment is clarified in (2). 
TRAVIS M. ANDERSON, WADE A. NEIWERT,? MARTIN L. KIRK,? PAULA M. B. PICCOLI,* ARTHUR J. SCHULTZ,> 
THOMAS F. KOETZLE,* DJAMALADDIN G. MUSAEV,’ KEIJI MOROKUMA,’ RUI CAO,’ CRAIG L. HILL’* 
1sandia National Laboratories, Albuquerque, NM 87185-0754, USA. *Department of Chemistry, Bethel University, St. Paul, 
MN 55112-6999, USA. *Department of Chemistry and Chemical Biology, University of New Mexico, Albuquerque, NM 


87131-0001, USA. ‘Madison, WI 59719, USA. ‘La Grange, IL 60525, USA. ®Dix Hills, NY 11746-4920, USA. ’Department 
of Chemistry, Emory University, Atlanta, GA 30322, USA. Department of Chemistry, Renmin University of China, Beijing 


EDUCATION FORUM | 


100872, China. 


*To whom correspondence should be addressed. E-mail: chill@emory.edu 
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Human Conflict: Beware 


Politicized Science 


| AM WRITING IN REACTION TO THE COVER 
photo and accompanying caption selected 
for the 18 May special issue on Human 
Conflict. It seems disingenuous to claim that 
of all the world’s conflicts, a building identi- 
fied as destroyed by the Israel Defense Forces 
(IDF) was “not [chosen] for any political 
message or endorsement.” 
Nobody eschews war more 
than Israelis, who, unfortu- 
nately, also know the con- 
sequences. 

If the editors wanted 
striking visual impact and 
gruesome evidence of inhu- 
manity, there were better 
choices: the killing fields 
of Cambodia, the destruc- 
tion of the World Trade 
Center, Rwanda, Dresden, 
Hiroshima, Bataan, Darfur, 
Armenia, Normandy, Aus- 


HUMAN 


Science 


ken 


chwitz... unfortunately, the list of greater car- 
nage is nearly endless. 

By identifying the IDF as perpetrators, 
the caption undermined the photo’s role as 
a generic illustration of the consequences of 
conflict. Indeed, there was no need to iden- 
tify the details. They were a distraction. The 
photo no longer represented abstract human 
violence, but rather one more illustration of 
Israel, taken out of context. Portraying Israel 
as the aggressor obscures 
the fact that the country 
is trying to defend itself 
against decades of assaults 
provoked by ethnic hostil- 
ity—attacks still taking 
place. That is politicized 
science, which serves to 
encourage—not discour- 
age—conflict. 

JOHN R. COHN 


Department of Medicine and Pedi- 
atrics, Thomas Jefferson University 
and Hospitals, Philadelphia, PA 
19107, USA. E-mail: john.cohn@ 
jefferson.edu 


Ecosystem 
dynamics 


PERSPECTIVES 


Human Conflict: 


Pacifists at Heart 


THE BREADTH AND DEPTH OF THE HUMAN 
Conflict issue (18 May, p. 818) brings to mind 
Otto Rank’s observation in Psychology and 
the Soul (1) that we still have primitive beliefs 
about death—for example, that heroic, spec- 
tacular, or sacrificial death conveys immortal- 
ity, and that killing an enemy is killing death 
itself. After centuries of analyzing war, with its 
heroics and pathos, we have recently learned 
that most humans are like other social ani- 
mals, which fight but instinctively stop short 
of intraspecies killing (2). Cited in 3 of the 11 
special section Reviews and Perspectives, D. 
Grossman (2) found that most people, includ- 
ing soldiers, would sooner die than kill a per- 
son at close range. About 2% lack such inhibi- 
tion (2); that characteristic is often expressed 
in military heroics. In civilian circumstances, 
the same characteristic is associated with ten- 
dencies toward antisocial behavior, including 
violent crime. This atypical group receives 
disproportionate attention in history and fic- 
tion, news and entertainment. 

Those in the pacifist majority can be disin- 
hibited if ordered by an authority and super- 
vised, confirming Stanley Milgram’s findings 
that most of us will comply with orders that 
violate some of our principles (3). Modern 
psychological conditioning of U.S. troops 
has contributed to an increased shoot-to-kill 
percentage, from only 20% in World War II 
to 90% in Vietnam (2), but evidently at high 
cost. As S. Maguen reports (p. 843), soldiers 
who have killed suffer post-traumatic stress 
disorder (PTSD) at higher rates. Veterans 
Administration psychologists recently coined 
the term “moral injury” (4), which relates 
to Maguen’s point. The optimistic essay on 
PTSD by R. J. McNally (p. 872) omits men- 
tion of suicide, which has reached alarming 
levels among U.S. troops and veterans (5). 

E. JAMES LIEBERMAN 


Department of Psychiatry, George Washington University 
School of Medicine, Washington, DC 20052, USA. E-mail: 
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Human Conflict: Targeting 


Natural Resources 


THE SPECIAL ISSUE ON HUMAN CONFLICT (18 
May, p. 818) largely ignores a central dimen- 
sion of violent conflict: the complex role of 
natural resources in the onset (/) and con- 
duct of conflict, peacemaking, and recovery 
from conflict. 

Grievances over access to land have been 
central to wars in countries such as Guate- 
mala, El Salvador, and Nepal (2, 3). Inequit- 
able distribution of oil and gas revenues drove 
secessionist conflicts in places such as Indo- 
nesia’s Aceh and southern Sudan (4). 

Since the end of the Cold War, conflicts 
based on resources have grown rapidly in 


number: Armed groups in at least 18 con- 
flicts have relied on revenues from diamonds, 
timber, coltan, and a range of agricultural 
crops from cacao to coca (5). For centuries, 
armies have targeted natural resources and 
the environment to deprive enemies of cover, 
food, and support (6), and the increased use 
of resources to finance conflicts has enhanced 
their value as a military objective (7). 

Between 1946 and 2008, 40 to 60% of 
all intrastate conflicts were linked to natural 
resources (8). Resource-related conflicts are 
more likely to relapse, and do so twice as 
quickly compared with situations following 
conflicts without a link to natural resources 
(8). 

There is growing recognition of the role of 
natural resources in building peace. A 4-year 
research project coordinated by the Environ- 
mental Law Institute, the United Nations 
Environment Programme, the University of 
Tokyo, and McGill University found that 
between 1989 and 2004, 51 of 94 peace 
agreements had provisions relating to natural 
resources, and all major peace agreements 
since then have included natural resources (9). 

This study’s analysis of experiences 
across more than 60 conflict-affected coun- 
tries shows that successful peacebuilding 
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can rely on aspects of natural resource man- 
agement in terms of livelihoods and macro- 
economic recovery; the provision of basic 
services, including water, sanitation, and 
electricity; governance and rule of law; and 
cooperation. For example, approximately 60 
to 80% of livelihoods in conflict-affected 
countries depend directly on land, forests, and 
other natural resources; over 50% of a post- 
conflict country’s gross domestic product 
usually comes from agriculture and extract- 
ive industries; and 50 to 80% of exports (and 
sometimes more than 95%) come from nat- 
ural resources (/0-12). 
CARL BRUCH,** DAVID JENSEN,2 
MIKIYASU NAKAYAMA,? JON UNRUH* 
Environmental Law Institute, Washington, DC 20036, USA. 
“Post-Conflict and Disaster Management Branch, United 
Nations Environment Programme, CH-1219 Geneva, Swit- 
zerland. *Graduate School of Frontier Sciences, University of 


Tokyo, Chiba, 277-8563, Japan. ‘Department of Geography, 
McGill University, Montreal, QC, H3A 2K6, Canada. 
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CORRECTIONS AND CLARIFICATIONS 


News & Analysis: “Europe mulls plans to boost research 
in poorer regions” by L. Laursen (8 June, p. 1222). 
Robert-Jan Smits, director-general for research and innova- 
tion at the European Commission, is quoted saying, “Many 
countries say, ‘Just give us the money, trust us, and leave 
us alone.’” He was referring to European Union structural 


funds, not funding for the E.U. Horizon 2020 program, as 
the article implied. 


Reports: “The aftermath of megafaunal extinction: Ecosys- 
tem transformation in Pleistocene Australia” by S. Rule et 
al. (23 March, p. 1483). In the charts of pollen, dung, and 
charcoal variation in figs. $1 and S2, the numerical values 
on the truncated peaks were illegible because of low resolu- 
tion. These values have now been clarified in a new version 
of the supporting online material on Science Online (http:// 
www.sciencemag.org/content/335/6075/1483/suppV/DC1). 
In addition, the Fig. 1 legend in the main paper should have 
referred the reader to figs. S1 and S2 for the details of the 
scales of the charts and the values on the truncated peaks. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Illusions Promote 
Mating Success in Great 
Bowerbirds” 


Gerald Borgia, Brian J. Coyle, Jason Keagy 


Kelley and Endler (Reports, 20 January 2012, p. 335) 
claim that male great bowerbirds construct a visual illu- 
sion, using display object gradients, that affects mating 
success. We argue that they provide inadequate statisti- 
cal support for their hypothesis, inappropriately exclude 
important data, and do not consider other display traits 
that explain mating success. We propose a more plau- 
sible alternative hypothesis to explain display object 
patterns. 


Full text at www.sciencemag.org/cgi/content/full/337/ 
6092/292-b 


Response to Comment on “Illusions 
Promote Mating Success in Great 
Bowerbirds” 


John A. Endler, Paul W. Mielke Jr., Laura A. 
Kelley 


Borgia et al. raise some questions about our recent 
study showing that great bowerbirds create visual illu- 
sions that are used in mate choice. We address them by 
providing further details about our methods and results. 
We also provide detailed descriptions of our geometric 
calculations to address their measurement and analysis 
questions. 


Full text at www.sciencemag.org/cgi/content/full/337/ 
6092/292-c 


Letters to the Editor 


Letters (~300 words) discuss material published in 
Science in the past 3 months or matters of gen- 
eral interest. Letters are not acknowledged upon 


receipt. Whether published in full or in part, Let- 
ters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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Comment on “Illusions Promote 
Mating Success in Great Bowerbirds” 


Gerald Borgia,’* Brian J. Coyle, Jason Keagy” 


Kelley and Endler (Reports, 20 January 2012, p. 335) claim that male great bowerbirds construct 
a visual illusion, using display object gradients, that affects mating success. We argue that they 
provide inadequate statistical support for their hypothesis, inappropriately exclude important 
data, and do not consider other display traits that explain mating success. We propose a more 
plausible alternative hypothesis to explain display object patterns. 


elley and Endler’s (/) forced perspective 
k model makes two major predictions: that 
male mating success is (1) positively re- 
lated to the slope of the display object size 
gradient (width, Wslope; depth, Dslope) on the 
bower display court and (ii) negatively related to 
the standard deviation of the visual angles among 
display objects (width, SD®w; depth, SD®p). 
(We do not use their term “gesso”’ because this im- 
plies a functional differentiation of display objects 
that has not been demonstrated.) Their multiple 
regression models show an overall significant 
result for the slope and SD® variables. To meet 
predictions of their forced perspective argument, 
however, it is necessary that the regression slopes 
of variables in the model show the predicted 
association with mating success. In their regres- 
sion, the Wslope variable is nonsignificant, and 
both Wslope and SD®w have slopes opposite to 
the predicted direction. Separate regressions of 
each variable with male mating rate provide a 
more straightforward test of their predictions 
and show that for decoration gradients only, 
Dslope (77 = 0.58, df = 1,6, P = 0.017) is sig- 
nificant, and Wslope (r* = 0.017, df = 1,6, P= 
0.33) is not. Neither visual angle variable is sig- 
nificant (SD®,: 77 = 0.06, df = 1,6, P = 0.46; 
SD®p: 7° = 0.16, df = 1,6, P= 0.18). So, their 
predictions are confirmed in only one of four 
cases (Fig. 1). 

We disagree with Kelley and Endler’s (/) 
suggestion that depth rather than width variables 
should more closely match their predictions. They 
claim to be assessing object size the way females 
see them, but their measurements are based on 
photos taken from above the display objects. This 
is different from the female’s more horizontal 
perspective from inside the bower that can affect 
her perception of object depth. For example, this 
near-horizontal view can prevent females from 
seeing the depth of rounded snail shells and 
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stones because the rear edge is hidden by their 
raised middle portion. 

Kelley and Endler (7) describe glitches in 
their video recording system that may have af- 
fected estimates of their mating rate variable. 
They suggest that the lack of a correlation of 
recording time with matings and courtships in- 
dicates no bias; however, this is not a reasonable 
test because mating success rates in bowerbirds 
are highly skewed (2, 3) and represent a fraction 
of all behaviors that may trigger cameras. Also, 
their near-significant result for courtships (P = 
0.06) does not strongly support the suggested 
lack of association. Alternatively, male courtship 
success—the proportion of displays that lead to 
copulations—is a more reliable measure of male 
attractiveness in bowerbirds when cameras are 
fully operational and females are either individ- 
ually marked (4) or unmarked (5). It more directly 
measures male display performance (4) (relevant 
for testing the effect of an illusion) and thus 
should more effectively correct for camera mal- 
functions. We found no correlation between the 
mating rate measured by Kelley and Endler (/) 


0.49), which suggests that their use of mating 
rate may be flawed. There was no significant 
relationship between male courtship success 
with Wslope (77 = 0.09, df = 1,6, P = 0.55), 
Dslope (7* = 0.15, df= 1,6, P= 0.82), Dy (7° = 
0.16, df= 1,6, P= 0.18), or Bp (7 = 0.16, df= 1, 
P = 0.91), which does not support their pre- 
diction that display object gradients measured 
directly or as standard deviation of visual an- 
gles affects male attractiveness (Fig. 2). 

Kelley and Endler excluded 9 of 17 bowers 
from their analysis in cases where they determined 
that females had insufficient time for “gazing at 
the scene on the court” [supporting online mate- 
rial for (/)]. Females who observed males for less 
than 55% of the time did not mate, and they in- 
dicate that they used this measure of female 
behavior to exclude males from their sample. 
However, three females who did not mate spent 
more than 55% of the time gazing at the scene in 
the bowers of excluded males [figure S3 and 
table S2 of (/)]. By their criteria, these males 
should have been included in the analysis. Also, 
several of the reasons the authors give for a dis- 
play object gradient to correlate with male mating 
rate do not require females to look at males for 
any particular percentage of time, so excluding 
such a large number of males for whom they 
have information on display object gradients is 
inappropriate. 

Kelley and Endler (/) do not consider any 
other hypothesis that might explain decoration 
gradients on great bowerbird bowers. An obvious 
alternative is that males avoid placing large ob- 
jects on display courts near the bower so as not to 
hamper their own movements during courtship 
displays to females; this is consistent with the 
step-like pattern of size change seen in deco- 
rations of other species (5). 

Finally, bowerbird display is complex and 
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Fig. 2. Relationship between 
courtship success and display 
object gradients (Dslope and 
Wslope) or the standard de- 
viation of the visual angles 
(Py and ®p,). None of the 
relationships are significant. 


(6) noted that Kelley and Endler (/) failed to 
consider bower symmetry, which is known to 
explain male mating success in other bowerbirds, 
as possibly accounting for variation in mating 
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success in their study. He is correct, but he 
understates the problem. Mating success is af- 
fected by multiple male display traits in bower- 
bird species, including number of decorations 


TECHNICAL COMMENT 


(2, 4, 5, 7), bower quality (2, 3), bower stick 
diameter (2), bower size (8), vocal display quality 
(9, 10), and intensity of male courtship display 
(4, 9). These display elements are commonly sig- 
nificantly correlated (2, 3, //) and shared across 
species, which suggests that any effect of gra- 
dients on great bowerbird mating success should 
have been considered in relation to these other 
variables. 

These considerations cause us to question 
whether male great bowerbirds construct illu- 
sions that affect male mating success. 
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Response to Comment on 
“Illusions Promote Mating 
Success in Great Bowerbirds” 


John A. Endler,?* Paul W. Mielke Jr.,7 Laura A. Kelley? 


Borgia et al. raise some questions about our recent study showing that great bowerbirds create 
visual illusions that are used in mate choice. We address them by providing further details 
about our methods and results. We also provide detailed descriptions of our geometric 
calculations to address their measurement and analysis questions. 


orgia et al. (1) questioned the validity of 
B our recent study (2) showing that great 

bowerbirds’ geometric illusions promote 
mating success. Here, we answer all their crit- 
icisms and further substantiate our results. 

Our predictions were about the entire pattern 
(2), not width or depth independently. Borgia 
et al.’s (1) suggestion of separate analysis of 
visible width and depth (w and d) and the as- 
sociated visual angles (,, and @,) is statistically 
invalid, and there is no contradiction in the fact 
that the partial regression coefficients have op- 
posite signs. This arises because w and d are 
different aspects of the same object. For any ob- 
ject other than a sphere, as the object orientation 
changes, if w increases, d must decrease and vice 
versa (see Fig. 1 and supplementary materials). 
Because bower objects are nonspherical, and of- 
ten elongated, it is very difficult for a bowerbird 
to make good gradients in both w and d at the 
same time, making it very difficult to minimize 
both s,,, and sgg. Univariate measures simply 
ignore this tight relationship and also ignore the 
fact that there are a large number of equally good 
layouts with different combinations of sg, and Soq 
[figure 3 in (2)]. The prediction planes are tilted, 
yielding partial regression coefficients of oppo- 
site signs because on average the birds attend 
more to the effects of d than w and the two ef- 
fects are strongly negatively related. 

Distinguishing the noncolored (gesso) and 
colored objects is fully justified. Color and lu- 
minance are processed separately by the retina 
and brain (3). In several thousand hours of video 
recordings in several localities, about 3.5% of the 
objects picked up by males and waved at female 
were gesso. Including all objects in the analysis 
had no effect on any results. 

Vertical photographs are excellent for recon- 
structing visual angles (9). Females view the court 
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from a height of ~30 cm and a distance of 30 to 
80 cm, and this was included in our analysis. At 
this natural viewing height and distance, the 
hiding effects are very small. The size gradients 
reduce the effect even more because larger ob- 
jects are behind smaller objects. Hiding does not 
affect the rank differences among bowers, and 
there is no significant effect of recalculating for 
all objects, even unrealistically assuming that all 
are spherical. (See the supplementary materials 
for details.) 

Our mating assessment is accurate because 
direct measurement of mating success (number 
of matings) is always more accurate than related 
measures such as the proportion of successful 
courtships. The recording time used in our analy- 
sis was the time that cameras were primed to 
record, not the time that the cameras were trig- 
gered and actually recording. Our cameras were 
constantly primed to record during daylight hours, 
and we adjusted camera triggering by setting the 
region of interest, the minimum pixel change per 
frame, and frame changes for that region. Only 
movement within the avenue triggered recording, 
and false triggers were very rare. Our cameras did 
not “malfunction” as Borgia et al. suggested (/). 
Each bower had periods where cameras were not 
recording due to battery discharge, but these in- 
terruptions were randomly distributed over the 
whole 2.5-month mating period (2). We calcu- 


Fig. 1. Relationship be- 5 
tween visual angles 9,, 

and @4 (degrees) of circu- 4 
lar (dot) or elliptical (tines) 

court objects with various 3 
aspect ratios (length/width, bg 
numbers along bottom), 

rotated from parallel to per- - 


pendicular to the avenue- 
object axis, and seen from 
typical natural height and 
distance. For reference, the 
Sun subtends about 0.5 
degrees. See the supple- 
mentary materials for de- 
tails and effects of other sizes and distances. 


lated mating rate as the number of matings ob- 
served during the time a camera was ready to 
record, and found no relationship between this 
measure and the number of matings (77 = 0.10, 
df= 18, P = 0.68). We disagree that male court- 
ship success is a more reliable measure of male 
attractiveness compared with direct mating mea- 
sures, and it does not take into account the du- 
ration of courtships. We found that courtship 
duration and mating success were correlated, 
whether courtship duration included the entire 
time a female was near the avenue (7° = 0.61, 
df= 18, P= 0.004) or whether it only included 
the time that a female was within the avenue (a = 
0.59, df = 18, P = 0.006). We found no rela- 
tionship between the number of matings per mi- 
nute of courtship and recording time (7* = 0.06, 
df= 18, P= 0.27). 

Exclusion of bowers had nothing to do with 
the time females gazed at the court. We restricted 
our analysis to males that obtained one or more 
matings. This excluded earlier choice criteria and 
ensured that females were recorded (sexual di- 
morphism is negligible in this species, and young 
males frequently spend time in bower avenues). 
Mating refusals can result from many courtship 
and bower traits that are assessed before forced 
perspective comes into play. It is invalid to as- 
sume that criteria used early in a courtship se- 
quence are necessarily correlated with criteria 
used later (4, 5). We explored the conditional 
probability of mating given that a proven female 
was in the bower. There are many failures before 
that, but they are irrelevant to this question (6). 

We tested the hypothesis that gradients might 
result if males put larger objects away from where 
they stand during the displays to avoid uneven 
footing. If true, then the objects would show 
steps, jumping to larger sizes where the male 
does not stand. For each court, we fitted a linear, 
quadratic, cubic, and sigmoid regression (gen- 
eralized linear) model to the data and asked which 
model fit the data with the least error. The qua- 
dratic indicates whether object size increases in a 
faster-than-linear relationship as distance increases; 
some bowers have very large bones near the 
outer court edge. The cubic is sensitive to steps, 
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but past the steps it turns toward the mean, so 
would be sensitive to very large objects in the 
outer court with smaller ones beyond and vice 
versa. The sigmoid fits simulated data with steps 
much better than the cubic. We tested both courts 
of 44 bowers in 2 years [typical data in figure S4 
of (7)]. In 2009, all fit the linear model. In 2010, 
96% fit the linear and 4% the cubic. The 4% fit to 
the cubic is either type I error or arises from a few 
large bones toward the end of the court, with 
smaller objects behind them. Therefore, stable 
footing is unlikely to explain the presence of 
object gradients in this population. 

We considered courtship traits that are impor- 
tant to great bowerbirds (2, 7, 8), not traits that are 
important in all other species. Different bowerbird 
species are known to produce different sexual 
displays; for example, Borgia et al. (/) cite vocal 
mimicry, which is not part of the sexual display in 
great bowerbirds. Furthermore, different bower- 


bird species use different mate choice criteria. For 
example, object count predicts male mating suc- 
cess in some species (9—-//) but not in others, 
including ours (/2, /3), and we also found no 
effect of decoration count on mating success 
(P >> 0.05). Moreover, female preferences even 
differ among populations of spotted bower- 
birds (4), so factors that are important in mate 
choice are highly variable within and among 
bowerbird species. It is invalid to assume that 
all populations or species assess mates in the 
same way. 
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Summer Reading 


Looking for stimulation? Here are some suggestions and reviews 
from graduate students and postdocs. 


Counterintuitive Solutions 
Paradox: The Nine Greatest Enigmas in Science. Jim Al-Khalili. Bantam, 
London, 2012. 251 pp. £16.99. ISBN 9780593069295. 

Paradoxes in physics have long been used to highlight knots in our 
understanding of how the world works. Jim Al-Khalili’s Paradox examines 
nine celebrated examples and carefully disentangles them—demonstrating 
they are not logical paradoxes when cast in the right light. These run from 
the well known (Zeno’s paradox, Maxwell's demon, and Schrédinger’s half- 
immortal cat) to the less so (the pole in the barn paradox, Laplace’s demon, 
and Olbers’ paradox). 

The paradox commonly attributed to Olbers provides the book's high 
point. The underlying question—why is the night sky dark?—is easy to state 
and equally easy to overlook. In explaining its resolution (a finite, expand- 
ing universe), Al-Khalili (a physicist at the University of Surrey) offers an 
enchanting portrait of our evolving understanding of the universe from 
Ptolemy through to Einstein. That the first correct solution was proposed by 
writer Edgar Allan Poe in his Eureka: A Prose Poem, an altogether fantastic 
and arguably unhinged intertwining of poetic and scientific passion (7), left 
me wondering whether this paradox held the seed of a more compelling 
book. The author's recollection of his first glimpse of the Andromeda galaxy 
through a telescope provides hints of his own passion and thrill of discov- 
ery. The thrill, unfortunately, is quickly dispelled by the aside that follows, 
“Physicists often tend to think in this strange way.” 


Dark despite all of the stars. 
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BOOK A 


The book's tone resembles the pleasant patter of a magician who care- 
fully offers his hat up for inspection before pulling out the rabbit. In many 
instances, the revelation delights—such as Al-Khalili’s untangling of the 
Monty Hall paradox and, as an example in miniature, his discussion of the 
claim that “every Scotsman who travels south to England raises the average 
1Q of both countries.” In other cases, we are left wanting. The discussion of 
Maxwell's demon, a creature that can seemingly create order from random- 
ness, ends with the exasperated decree: “We can never defeat the Second 
Law of Thermodynamics. Always remember that.” Nonetheless, Al-Khalili 
clearly summarizes all of the paradoxes, and he attempts solutions from sev- 
eral different angles for completeness. 

Paradox provides a serviceable and, at times, compelling field guide 
to some of the most important and fascinating conundrums in physics. 
Al-Khalili engagingly describes the tools necessary to disarm them and bits 
of lore that enrich them. If he doesn’t convincingly convey the most luminous 
tint of a particular paradox, that is all the more reason to venture forth in 
search of your own answers in your own strange way. 

—Michael R. Sprague? 
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The Mind Inside Our Skull 

Neuromania: On the Limits of Brain Science. Paolo Legrenzi and Carlo 
Umilta; translated by Frances Anderson. Oxford University Press, Oxford, 
2011. 132 pp. $29.95, £14.99. ISBN 9780199591343. 

It was noon, and church bells were ringing as a doctor carefully examined 
a patient who had traumatic lesions in the frontal cranial bone. He noticed 
that pulsations in the cerebral arteries had become stronger, but, curiously, 
that change was not linked to changes in pulse rate and blood pressure mea- 
sured on the patient's arm. The ; 
patient then confirmed his doctor's 
somewhat weird suspicion: the ring- 
ing bells reminded him it was time to 
say a prayer. This experience led the 
Italian physiologist Angelo Mosso 
(1846-1910) to the first attempt to 
relate variations of blood flow in the 
brain to mental activity, a link that 
is at the core of modern neuroim- 
aging techniques such as functional 
magnetic resonance imaging (fMRI). 
Such techniques have allowed scien- 
tists to shed some light on the neural 
substrates underlying ongoing men- 
tal processes. 

Mosso’s research is one of sev- 
eral important contributions that 
19th-century neurologists made 
toward establishing the relationship 
between the mind and the brain and 
that are reviewed in Neuromania. 
In this brief book, neuropsychologists Paolo Legrenzi (Ca’Foscari University, 
Venice) and Carlo Umilta (University of Padua) bring a welcome appraisal of 
brain research to a broad audience. They provide an insightful and compre- 
hensible overview of methods and techniques from the origins of brain sci- 
ence to today’s MRI scanners. However, rather than emphasizing state-of-the- 
art procedures and technologies, they focus on the limitations of the field, 
covering methodological aspects and controversial assumptions that are com- 
monly unknown to the general public. 


Angelo Mosso. 
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Legrenzi and Umilta put brain science in a broader perspective and dis- 
cuss its sociopolitical implications, something scientists often neglect when 
presenting their own fields. The advent of neuroimaging opened many 
new lines of research. Because the question “what happens in the brain 
when ... ?” fits practically any aspect of human activity, fMRI has been 
applied to a wide range of issues—from people’s artistic or religious experi- 
ences to their preferences for specific products or political parties. As a con- 
sequence, many established concepts in the social sciences gained the prefix 
“neuro-" and a profusion of new disciplines emerged (neuroaesthetics, neu- 
rotheology, and neuropolitics, to mention a few). Putting these disciplines 
under scrutiny, Legrenzi and Umilta highlight that old knowledge may have 
been presented as novel just by changing “mind” to “brain,” without bring- 
ing actual scientific progress. 

In the authors’ reading, the brain has become the system of reference 
in explanations of human mind and behavior, relegating to the background 
an alternative approach that emphasized the social and cultural aspects of 
the human mind. A word of caution: The important issue is not a matter of 
which perspective should prevail but that many decisions regarding human life 
depend on how society defines the mind-body relationship. If only one aspect 
appears in the foreground, there may be drastic differences when dealing with 
thorny topics such as abortion and euthanasia. Answers to the complex ques- 
tions raised by technological and scientific progress toward controlling life and 
death depend on ethical and ideological choices. To think about such issues 
from a strictly biological point of view may be misleading—after all, inside our 
skull there is more than just a brain. — Ricardo Basso Garcia? 


Headed home. Rock pigeon (Columba livia). 


Finding Their Place In the World 

Nature’s Compass: The Mystery of Animal Navigation. James L. Gould and 
Carol Grant Gould. Princeton University Press, Princeton, NJ, 2012. 310 pp. 
$29.95, £19.95. ISBN 9780691140452. 

For most of human history, the clear understanding of the position of the 
Sun, the Moon, and stars and their movements across the sky was invaluable 
to human navigation. Sailing, especially on the open ocean without any vis- 
ible landmarks, posed serious challenges to early civilizations. Nowadays, with 
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the help of technologies such as Global Positioning Systems (GPS), navigation 
has become seemingly trivial. However, many nonhuman animals (including 
birds, turtles, and butterflies) can migrate thousands of kilometers and locate 
places with a precision we have only recently achieved. In Nature’s Compass, 
evolutionary biologist James Gould (Princeton University) and science writer 
Carol Grant Gould discuss how animals carry out such extraordinary feats using 
only their senses. 

While focusing mostly on honey bees and homing pigeons (which they 
have studied extensively in their own lab), the authors provide nonspecialists 
with a clear introduction to animal navigation. They warn that in analyzing 
animals’ abilities to know locations and directions, we are prone to “imagin- 
ing that animals see challenges” and “use the same strategies to solve the 
problems” as we do. In fact, the mechanisms used—the position of the sun 
and stars, polarized light and color gradients, endogenous timers, landmark 
memory and cognitive maps, magnetic fields, and more—vary both among 
taxa and within individuals (depending on context and age). 

The Goulds guide readers through the multiple ways in which honey bees 
illuminate animals’ navigation systems. In one intriguing example, forager 
bees were trained to a food location on a boat in a lake. Even though their 
dances back at the hive were vigorous, no recruits came to the boat. However, 
once the boat was moved close to the far shore, new bees began to appear. 
Bees do not usually fly over water, and the authors suggest that the bees at the 
hive decoded the direction and distance cues. But when positioning the food 
source in their mental maps located it in the middle of the lake, they decided 
not to act on the information. 

Having been bred to return to their loft quickly and directly, homing 
pigeons provide a means for addressing essential questions that would be 
difficult to answer when working with “wide-ranging, twice-a-year migrants.” 
The authors describe how the disruptive effects of solar storms on homing 
ability led Gould and others to propose that the pigeons have magnetic maps. 
Further testing revealed that the birds’ location sense is greatly perturbed by 
magnetic-field anomalies. Using a magnetic map to return requires that the 
birds be able to sense small differences in field strength and direction. The 
Goulds mention the putative detector (a magnetite-rich organ in the beak), 
but they also note recent alternative findings. In addition to birds, sea turtles, 
spiny lobsters, and newts have been shown to use magnetic information to 
orient themselves. 

The authors conclude with a short consideration of how understanding 
migration and its evolution may prove crucial for conservation in the face of 
habitat loss and changing climate. 

Nature’s Compass provides a wonderful account of efforts to unravel the 
mysteries of animal migration. Effectively drawing on their own experiences 
and the extensive scientific literature in the field, the Goulds explain what 
we currently know about how animals locate their positions. Their survey also 
offers an accessible starting point for those who might wish to improve our 
understanding of the topic. —Homare Yamahachi* 


Evolution and Robots 
Darwin's Devices: What Evolving Robots Can Teach Us About the History 
of Life and the Future of Technology. John Long. Basic Books, New York, 
2012. 281 pp. $26.99, C$30, £17.99. ISBN 9780465021413. 

| am envious of those who when asked what they work on can respond, “I 
study the evolution of robots.” John Long (a vertebrate physiologist at Vassar 
College) is one such researcher, and reading Darwin's Devices is like listening, 
over drinks, to a voluble, engaging, and funny scientist tell you about his work. 
On occasion, his jargon gets a little heavy, he will toss in an unexplained con- 
cept, or he will digress about his youthful dreams to join the Navy. But for the 
most part, Long draws you into a compelling and wide-ranging conversation. 
This includes discussions of the mechanics of fish backbones, how we practice 
science, the nature of evolution, what it means to be intelligent, our dystopian 
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Robot Madeleine, an aquatic tetrapod. 


robot future, and, most important, the crucial role of good models in science. 

Darwin's Devices recounts the efforts of Long and his colleagues to study 
the biomechanics and evolution of vertebrae in fish using autonomous, 
aquatic robots as models. Long is interested in whether natural selection for 
more efficient food-seeking behavior could have led to the appearance of stiff 
backbones in the earliest vertebrates. By allowing robots with different back- 
bone properties to compete with each other and by having the winners pass 
their traits down to the next generation of robots, Long and his collaborators 
follow backbone evolution in their population of robotic fish. 

As Long explains his work, he presents an insider's tour of the practice of 
science. He offers hints on how to justify your research proposal to reviewers, 
carefully plan your experiments, deal with results that refute your hypothesis 
(“[i]n science this kind of failure is called progress”), and respond to criti- 
cism of your conclusions. He also includes accessible and careful discussions of 
the basic principles of evolutionary biology, which are nicely illustrated in the 
robot experiments. These features of the book will reward lay readers, because 
the scientific process and evolutionary biology are widely misunderstood. 

Another topic commonly misunderstood, even within the scientific com- 
munity, is the use of models. Not surprisingly, Long was challenged to justify to 
colleagues and reviewers his use of robotic fish as models of vertebrate evolu- 
tion, because the simple robots clearly lack many important features of actual 
fish. Darwin’s Devices presents an extended argument for why his robots are 
good models; in the process, it demonstrates why simple models of complex 
systems are powerful tools in biology. 

Models capture our ideas about a system in concrete form, and they enable 
us to explore the implications of those ideas. Good models do not merely recre- 
ate the behavior of the represented system. They also provide a means to test 
hypotheses about key causal relationships that underlie the system’s behavior. 
Their focused simplicity enables scientists to address specific questions without 
the obscuring influence of the full complexity of the original system. Embodied 
representations, robot models enjoy an advantage over in silico simulations in 
that they never inadvertently violate physical laws. 

Long designs his robotic experiments to evaluate specific hypotheses that 
would be impossible to test in live fish, much less extinct ones. His informative, 
and often surprising, results serve as an interesting case study that illustrates 
the value of models in biology. 

Accessible and thought-provoking, Darwin's Devices provides an exem- 
plary account of scientific practice for the general reader. Of course, it benefits 
from the inclusion of stories about robots. —Michael A. White* 
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Life from a Rooted Perspective 

What a Plant Knows: A Field Guide to the Senses. Daniel Chamovitz. 
Scientific American/Farrar, Straus and Giroux, New York, 2012. 187 pp. $23. 
ISBN 9780374288730. 

Think of your fondest memories. How many of those contain some kind of 
plant? Perhaps you recall a vacation visit to awe-inspiring giant sequoias; the 
vibrant yellows, oranges, and reds of a New England fall; or receiving roses 
on a Special occasion. Although we often draw emotional ties to plants, it’s 
easy to pass them daily with little regard. However, have you ever stopped and 
thought about the plants’ ability to sense us? 

In What a Plant Knows, Daniel Chamovitz guides readers through the land- 
scape of plant biology and describes how it is not all that different from our 
own biological complexity. Chamovitz (a plant biologist at Tel Aviv University) 
draws on centuries of landmark research on plants’ sensory capabilities, 
including Darwin's observations that canary grass grows toward light sources 
and growth experiments in the near-weightless conditions of the International 
Space Station. 

Although a plant is rooted in one spot, it is not insensitive to the world. It 
must be able to detect and respond to environmental changes. Chamovitz dis- 
cusses several examples, drawing parallels between human senses and those 
of plants. Plants “see” using cryptochrome, a blue-light receptor, to determine 
the time of the day that imparts circadian rhythm. Cryptochromes are now 
known from every kingdom of life. When a caterpillar nibbles on the leaves of 
a white poplar, the victim alerts neighboring brethren of the attack by emit- 
ting a hormone that surrounding trees can “smell.” They respond by produc- 
ing toxic compounds in their leaves to ward off the pest. The classic example 
of the Venus flytrap highlights that plant's ability to feel the pressure of an 
unsuspecting lunch and quickly close its jaws, operating via action potentials 
much like our own nerves. 

Whereas plants cannot hear per se, a number of genes involved in hearing 
impairments in humans have been found in plants. These affect myosin, which 
is crucial for the function of the hair cells in our inner ear and the root hairs of 
plants (which allow them to absorb water and nutrients from the soil). Needing 
to know where the earth is, plants sense gravity. Employing a mechanism simi- 
lar to that we use for balance, plants contain heavy starchy sacks that sink, thus 
indicating the down direction. And in order to time their next flowering, many 
plants remember whether they have experienced a cold season. 


Tune deaf. Music does not affect the growth of marigold (Jagetes erecta). 
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The author never claims that plants are sentient beings with feelings and 
instead emphasizes their lack of nerves and brains. In fact, he often spotlights 
the faults of pseudoscience that has advanced alternative claims about plant 
sentience. (Such reports often lack proper scientific controls and set back the 
overall progress of plant biology.) Rather, Chamovitz tries to convey the inter- 
esting aspects of plants that we may take for granted. 

Early on, Chamovitz reminds us that several of the most important discov- 
eries in biology—including Robert Hooke’s identification of cells (in cork) and 
Barbara McClintock's recognition of jumping genes (in corn)—arose through 
the study of plants. He gently hints that we should have a greater appreciation 
of plants’ complexity and perceptiveness. Although he doesn’t make any con- 
troversial arguments, he does suggest that we reconsider what it means to be 
aware. If plants can see, smell, feel, know where they are, and remember, then 
perhaps they do possess some kind of intelligence. Maybe that is worth reflect- 
ing on the next time you casually stroll past a plant. —Chelsie Eller* 


Hot Seat in Our Warming World 

The Hockey Stick and the Climate Wars: Dispatches from the Front Lines. 
Michael E. Mann. Columbia University Press, New York, 2012. 

413 pp. $28.95, £19.95. ISBN 9780231152549. 

Just as the tobacco industry long denied that cigarettes are bad for 
human health, stakeholders in the fossil-fuel industry have disputed that 
humans cause climate change—and often that climate is changing— 
in order to protect their extremely profitable business. They have poured 
immense amounts of money into campaigns that have influenced politi- 
cians, media, the public, and even scientists, fueling the perception that the 
science remains in dispute. However, the strong consensus within the scien- 
tific community is that we are witnessing substantial shifts in climate and 
that those changes are largely due to human activities. 

Climate change deniers have sought to discredit the scientific consen- 
sus by isolating researchers and attacking their credibility. Perhaps their 
hardest-hit target in the United States is Michael Mann, codeveloper of the 
hockey stick, a graph of Northern Hemisphere temperatures over the past 
millennium. Few have dealt with the contrarians more than Mann, the recipi- 
ent of false accusations (such as fabricating data and conspiring with col- 
leagues) for over a decade and a victim of Climategate. In The Hockey Stick 
and the Climate Wars, Mann seeks to share his experiences and science with 
the public and to expose the climate change deniers’ fraudulent disinforma- 
tion campaigns. 

Anecdotes from Mann’s childhood reveal a bright, passionate, and some- 
what nerdy character. Whereas fellow high schoolers partied on the weekends, 
for instance, Mann was determined to develop a tic-tac-toe game on the com- 
puter. In addition to bringing out the author's personality, these stories intro- 
duce concepts that crucially help readers understand subsequent events. For 
example, while programming the tic-tac-toe game, Mann eventually discov- 
ered a clever shortcut, something often referred to as a trick in math and sci- 
ence. Years later, the discovery of the word “trick” in the hacked e-mails of 
prominent climate scientists would lead climate change skeptics to incorrectly 
accuse scientists of hiding data. 

Mann's comprehensive rendition of every event—including names of all 
individuals involved—builds credibility for his account, as do the 100-plus 
pages of supporting notes with references. The author covers both sides of 
the debate, drawing details from scientific publications, blog posts, media 
coverage, letters from congressmembers, political decisions, courtroom 
trials, and investigations. Mann presents most of the events through the lens 
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of his personal experiences, but the book also recounts various incidents 
experienced by other climatologists. Additionally, he complements the sto- 
ries with accessible explanations of scientific tools and processes. 

Dissecting numerous well-orchestrated attacks on climate science, Mann 
refutes each denialist argument with a wealth of broadly accepted evidence. 
He clearly demonstrates how science is a self-correcting process and that thou- 
sands of independent studies from various institutions and countries build on 
one another to form our current state of knowledge. Through an approach 
more humorous than accusatory, Mann lets the mistakes of the skeptics speak 
for themselves. For example, the Wegman report (7) highly regarded by con- 
trarians is mostly plagiarized from works of credible climate scientists, with 
words twisted intermittently to support the views of the skeptics. Furthermore, 
Mann painstakingly explains how every phrase highlighted in the Climategate 
scandal—"one of the best-coordinated ‘swiftboat’ campaigns in modern 
history"—was taken out of context. 

The book's thoroughness seems essential to accomplishing its goals. 
Still, The Hockey Stick and the Climate Wars may be difficult for some to read 
because of dense, unfamiliar terminology; the extensive name-dropping; and 
various distracting technical tangents. One can forget who is who, what is 
what, and who did what. Nevertheless, Mann‘s honest and thorough testimony 
on the attacks against climate science is a critical step toward resolving the cli- 
mate change debate. -llissa B. Ocko? 


References 
1. http://republicans.energycommerce.house.gov/108/home/07142006_Wegman_report.pdf. 


From the Belly of a Whale 

Floating Gold: A Natural (and Unnatural) History of Ambergris. 
Christopher Kemp. University of Chicago Press, Chicago, 2012. 
209 pp. $22.50, £14.50. ISBN 9780226430362. 

Carefully and thoughtfully written, Christopher Kemp's Floating Gold can 
take a place on the bookshelf among my favorite natural histories. Those peer 
at their subject from many angles, combining facts with observations of the 
places and people that have become part of its history. Kemp (a molecular 
biologist) tells stories about ambergris: fragrant stuff, produced in the gut of 
the sperm whale, that for centuries has been both a prized commodity and a 
compellingly mysterious substance. 

Ambergris begins to form when the sharp, undigested beaks of ingested 
squid cause irritation in a sperm whale’s intestines. In response, the whale 
produces a secretion that surrounds the beaks, forming proto-ambergris. 
A lucky whale might pass the growing mass like feces, or the concretion 
might eventually cause an intestinal blockage so complete as to be fatal. 


Fine white ambergris. 
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Either way, the black, sticky, fecal-smelling mess of fresh ambergris may 
end up floating in the ocean. There it matures by degrees over a period of 
months to years, lightening in color to gray and then white and changing in 
odor until it achieves a scent that is, by all accounts, distinctive and hard to 
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describe yet not unpleasant. Eventually, the ambergris might be washed up eet 


on a beach almost anywhere, found, and collected. Prized, at various times, 
as a perfume ingredient, a medicine, or a spice in gourmet recipes, its value 
can rival that of gold. 

Given that convoluted process, it may not be surprising that the exact ori- 
gin of ambergris was contentious well into the 20th century. The recent, some- 
what tentative resolution of an old mystery sets the tone of the book, which 
manages to be both historical and immediate. Kemp intersperses historical 
notes related to ambergris, scientific findings on its production and its prop- 
erties, accounts of correspondence and meetings with ambergris experts, and 
finally journal-like accounts of his compulsion to search local beaches for his 
own piece of treasure. 

The author presents tantalizing descriptions of his research to discover 
everything there is to know about ambergris and enticing reports of his con- 
versations with the often guarded, sometimes eccentric people who make a 
living as ambergris hunters or dealers. He manages to convey the ambigui- 
ties and peculiarities that arise when building a livelihood on a rare, practi- 
cally impossible-to-synthesize natural substance whose existence depends 
on the misfortunes of a sick whale and the vagaries of a long aging process. 

One recurring theme is wonder at the mystery and improbability of amber- 
gris production and consumption—from the belly of a deep-diving whale, via 
ocean winds and currents, to the hands of an elite and secretive buyer. | under- 
stand that it’s in such a spirit that Kemp often emphasizes how little is known 
about what sperm whales do during their deep dives. Even so, | felt some dis- 
appointment at the relatively little attention he gives to recent findings on the 
natural history of sperm whales. 

That aside, | admit that | now find it hard to walk a beach without keeping 
an eye out for objects with strong, strange-but-not-unpleasant scents. I'm defi- 
nitely waiting for a chance to smell the singular scent of ambergris (assuming 
that the stuff a Moroccan tour guide wanted to sell me was phony), although 
reading Kemp's fantastic description of his own attempts to eat ambergris 
was much more satisfying that trying the experiment myself. In other words, 
Floating Gold offers an enticing initiation into the shadowy and intriguing his- 
tory of ambergris. —-Stacy DeRuiter* 


MANIACal Roots 

Turing’s Cathedral: The Origins of the Digital Universe. George Dyson. 
Pantheon, New York, 2012. 443 pp. $29.95, C$34. ISBN 9780375422775. 
Allen Lane, London. £25. ISBN 9780713997507. 

There’s a certain vertiginous rush that new programmers experience when 
they make that transition from being barely able to get a computer to do their 
bidding to genuine mastery of the machine. It’s the rush of vast possibili- 
ties opening up. Turing’s Cathedral captures that feeling of possibility while 
recounting the path of computer science from groundwork mathematics to the 
realization of the first computing engines. George Dyson follows the stories of 
John von Neumann and other members of the Institute for Advanced Study 
(IAS) at Princeton from the theoretical foundations of computing to the inven- 
tion of the first general-purpose computer. 

Technology writer Dyson does an excellent job showing how most modern 
sciences, from nuclear physics to the beginnings of meteorology and genetics, 
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have been driven and influenced by computational models. Nuclear weap- 
ons and the computer essentially enabled each other's invention. A roll call 
of notable scientists from Robert Oppenheimer and Martin Schwarzschild to 
Albert Einstein make their impact on—and are impacted by—the computer 
project. Dyson also records the creation of computer science as a separate dis- 
cipline from mathematics. 

The foundations of computer science came from something of a crisis in 
traditional mathematics. Kurt Godel, who later joined the IAS, proved that no 
logical system (including mathematics) can prove its own consistency. Dyson 
traces how this problem directly led from the incompleteness theorem to the 
halting problem to the first working general-purpose computers. The halting 
problem (which asks whether it is possible to predict if a Turing machine run- 
ning a particular program will finish in less than infinite time), it turns out, 
offers a key distinction between conventional mathematics and computer 
science. It essentially means that many things in computer science cannot be 
proven but must be determined through experimentation. 

That they were witnessing the birth of a new science went unappreciated 
by most mathematicians at the IAS. The tension between them and the engi- 
neers and scientists who were designing and building the computer is clearly 
illustrated in the story of Julian Bigelow, von Neumann’s chief engineer and 
computer architect. Dyson also records how Klari von Neumann, John’s wife, 
became one of the world’s first computer programmers when she was recruited 
from population research to perform the first Monte Carlo simulations on the 
critical mass reactions in atomic weapons. 

Dyson is at his weakest when relating some older ideas to potential mod- 
ern counterparts. For instance, he draws a line from the pioneering ideas 
of artificial life that drove some early experiments on computers to modern 
apps, which are simply well-packaged computer applications. A better com- 
parison might have been to computer worms and viruses, which serve as 
software agents that infiltrate computers to particular ends. But these are 
quibbles. Dyson offers a wonderful description of the worlds of possibility 
that opened up as computer science first established itself in a corner of 
Olden Farm in New Jersey. —James P. McCusker? 
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ik new understanding that antiretro- 
viral therapy (ART) can significantly 
reduce HIV transmission (/) has 
stimulated scientific and political leaders to 
claim that ending the AIDS epidemic is now 
a realistic goal. At the same time and despite 
last year’s major international political com- 
mitments to put 15 million people on treat- 
ment by 2015 (2), large funding gaps threaten 
the gains already made and limit the poten- 
tial to capitalize on the latest scientific prog- 
ress. Underresourced clinics are managing 
ever-increasing numbers of people on treat- 
ment, even though there is attrition all along 
the care continuum, from testing to treatment 
initiation and long-term retention in care (3). 

Doctors Without Borders or Médecins 
Sans Frontiéres (MSF) began offering ART 
in developing countries in 2000 and now sup- 
ports some of the longest-running treatment 
cohorts; today, we support more than 220,000 
people on ART in 23 countries, mainly in 
Africa. This article draws from our opera- 
tional experience, which in turn draws partly 
on evidence from other providers, to present 
a perspective on the innovations required to 
deliver affordable, quality care for more peo- 
ple. We also compare this perspective with 
current realities on the ground, as assessed 
through a survey on HIV policies and prac- 
tices, carried out in May to June 2012 by 
MSF teams in 16 countries where we work 
(see the table). Survey methodology and find- 
ings are presented online as Supplementary 
Materials (see table S1). 


Models of care 
Distance from clinics, patient fees, transpor- 
tation costs, long clinic wait times, and com- 
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peting demands (such as 
work schedules and child 
care) are all associated with 
attrition and poor adherence 
to treatment (4). Programs 
have responded by decen- 
tralizing free ART services 
to local health centers, with 
demonstrable improve- 
ments in retention (5). For 
example, in rural Lesotho, 
2-year outcomes of patients 
receiving free ART at the 
primary-care level showed 
higher retention rates than 
outcomes from other pro- 
grams (6). Decentralization 
also implies placing man- 
agement of ART principally in the hands of 
nurses and other nonphysician providers, a 
strategy found in randomized trials to be safe 
and effective (7). 

Our survey shows some encouraging 
signs of progress on decentralization: ART 
is now available at more than 40% of public 
sector facilities in 4 countries (and >20% of 
facilities in 8), and 10 countries allow nurses 
to initiate ART. Thirteen out of 16 countries 
surveyed allow lay counselors to provide 
ART adherence counseling. However, four 
countries with an HIV prevalence above 1% 
are still below 25% facility coverage, and 
six countries do not allow nurses to initiate 
ART— restrictions that impede decentraliza- 
tion and integration with primary, tuberculo- 
sis (TB), and prenatal care. Mozambique is 
the only country with an HIV prevalence >5% 
that does not allow nurses to initiate ART or 
follow up ART patients. Shortages of nurses 
and lack of support for lay health workers at 
the primary-care level have also limited some 
countries’ efforts to decentralize ART. More- 
over, policy and practice sometimes diverge. 
For example, nurses and midwives can pre- 
scribe in Guinea, but only under a doctor’s 
supervision—which reduces the impact of 
the task-shifting policy. In Malawi, shifts to 
first-line regimens with fewer side effects 
and to viral load monitoring for all patients 
on ART are included in the guidelines, but 


Delivering HIV care effectively and ensuring 
long-term retention of patients requires 
innovative strategies and tools—and policies 
that enable their widespread use. 


A community ARV group meeting (Tete, Mozambique). 


full rollout has been deferred due to funding 
shortfalls. Uganda and Zimbabwe regularly 
provide up to 2 months of refills, although 
this is not written policy. 

Looking ahead, care providers and policy- 
makers increasingly recognize the need 
to move HIV/AIDS care out of the clinic 
entirely, i.e., to manage patients in their com- 
munities. Over the past few years, MSF and 
others working ina range of high HIV-burden 
settings have piloted community-based pro- 
grams with varying degrees of peer- and self- 
management. One successful example is the 
community ART groups established in rural 
Mozambique, where six patients per group 
take turns traveling to the clinic each month 
to receive their 6-monthly medical check-up 
and to pick up antiretroviral (ARV) medi- 
cines for themselves and group members. 
Implemented at 20 health facilities in Tete 
province, 1384 people formed 291 groups 
between February 2008 and May 2010; to 
date, only 0.2% of these patients have been 
lost to follow-up (compared with a regional 
average of 15% at 2 years) (8). On the basis 
of this success, in July 2011, Mozambique’s 
Ministry of Health announced plans to roll 
out community ART groups across the coun- 
try. Over the last 6 months, delegations from 
the ministries of health of Malawi, South 
Africa, Swaziland, and Zimbabwe have vis- 
ited this program to assess its feasibility and 
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appropriateness for their own countries, and 
Malawi has now launched a pilot program. 
Other decentralized approaches aim to 
relieve the burden on patients and health-care 
systems by providing multiple-month rou- 
tine ARV refills and simplified clinic appoint- 
ments. For example, patients in Zimbabwe 
who were given 3-month refills per visit had 
outcomes comparable to those receiving their 
pills monthly (9). However, policies in sev- 
eral countries limit implementation of these 
strategies: Only 7 of 16 countries surveyed 
allow multiple-month ARV refills for stable 
patients. A further impediment to implemen- 
tation is inadequate drug supplies—when 
stocks (and/or funds) are low, clinics some- 
times dispense as little as weekly refills (70). 
Highly mobile populations require fur- 
ther adaptations in treatment delivery (//). 
In one example, MSF found that cross- 


border seasonal migrant farm workers in 
South Africa’s Musina district (on the border 
with Zimbabwe) treated at a mobile HIV/TB 
clinic were more likely to start and continue 
ART than they were before the mobile service 
began. An initial screening had found lower 
ART coverage among farm workers than 
among their Zimbabwean or South African 
national counterparts, reflecting the former 
group’s fear of discovery (of their undocu- 
mented status), and sometimes because clin- 
ics denied them treatment out of concern over 
adherence and continuity of care. To address 
this, in 2011, MSF and the Limpopo Depart- 
ment of Health launched a mobile HIV/TB 
service providing weekly visits to six farms 
(population 7500). Patients planning on 
returning temporarily to Zimbabwe receive a 
3-month ART supply plus “tail protection” (1 
week supply of two ARVs, to prevent devel- 
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opment of resistance to nevirapine or efavi- 
renz—longer half-life drugs in first-line ARV 
regimens—in case of a forced treatment dis- 
ruption) and a transfer letter to another ART 
clinic. All patients carry a health “passport” 
containing records of their treatments, medi- 
cations, and laboratory results (/2). Given the 
prevalence of migration in Southern Africa, 
this model (or adaptations of it) could poten- 
tially benefit many regional ART programs. 


Better tools 

Viral load monitoring is an essential tool 
used routinely in Western countries but rarely 
available in low-resource settings. Regular 
monitoring enables care providers to distin- 
guish patients who are poorly adherent to 
treatment from those who have developed 
drug resistance and need to switch regimens 
(13). Without it, patients failing treatment are 
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HIV policy and progress indicators across 16 countries. Further information 
and references for all data are in Supplementary Materials. HIV program and pol- 
icy data are from 2011 except where indicated (*2009; +2010, +2012). Popula- 
tion figures are as of 1 January 2012, except for India, which is from the end of 
2011. There are some caveats to the data on percentage of people in need and 
receiving ART: In Ethiopia, need is based on CD4 <200; in India, the coverage fig- 
ure is based on the number of people registered to be in need of ART; ART facilities 
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in Malawi include some Christian Health Association (part MOH-supported) sites, 
and Uganda figures include both MOH and non-MOH sites. SAge 15-49 years. 
{Included in national plan and available. OPT: Viral load testing for this purpose 
is recommended, but optional in the national protocol. REQ: Viral load testing for 


the national protocol. LTD: Limited. NF: Nurses provide 


follow-up to patients but are not allowed to initiate ART. HIV: HIV testing adminis- 
tration and counseling only. ART: ART adherence counseling only. 
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often underdetected and undertreated (/4). 
Besides compromising individual care, treat- 
ment failure diminishes the community ben- 
efit of ART through both increased morbid- 
ity and the transmission of drug-sensitive and 
drug-resistant strains (/5). 

A study comparing outcomes of ART 
patients in South Africa, where routine viral 
load monitoring is available, to those in 
Malawi and Zambia, where it is not, found 
significant differences: In South Africa 
more people were appropriately switched to 
second-line therapies (9.8 versus 2.1%), and 
fewer people died (4.3 versus 6.3%) or were 
lost to care (9.2 versus 15.3%) (/6). Another 
study in South Africa found that over two- 
thirds of patients with detectable viral load 
reverted to undetectable levels after enhanced 
adherence support (/7). However, not all 
studies have shown benefit (/8), and although 
most care providers would agree that viral 
load monitoring is desirable, considerable 
debate remains about its feasibility given the 
limitations of current tools. 

Recent studies found viral load monitor- 
ing to be a cost-effective strategy compared 
with current (clinical and CD4 cell count) 
monitoring. Further cost reductions can be 
expected as the volume of viral load testing 
increases (19). 

Despite being recommended for a decade 
(20), few programs in Africa have access to 
routine viral load testing. Of the 16 countries 
surveyed, only South Africa routinely moni- 
tors viral load, and although 15 of the 16 sur- 
veyed countries recommend viral load testing 
for confirmation of treatment failure, in prac- 
tice it is not widely available. 

Until recently, access has been limited 
by the lack of simple, affordable viral load 
monitoring technologies. However, the 
landscape is changing: New tests appropri- 
ate to district-level laboratories, plus several 
point-of-care tests, will become available in 
2013 (21). Sufficient funds for implementa- 
tion will be essential to ensure that the best 
products reach the market and that multiple 
manufacturers are encouraged to enter the 
market, to create much-needed price com- 
petition. At the same time, cost-reducing 
strategies such as pooled viral load testing 
and less frequent testing of stable patients 
should be further explored (22). Expanded 
access to viral load monitoring—which 
provides an early warning tool and a safety 
net for patients—could, at the community 
level, facilitate greater program simplifica- 
tion and decentralization and help shift rou- 
tine follow-up to nonmedical staff outside 
health facilities. 

Evidence from these and other settings 


suggests that increased task shifting, treat- 
ment simplification, and viral load test- 
ing will support further scale-up, improved 
adherence to treatment, and improved detec- 
tion of treatment failure. 


Better policies 

Even with the most innovative strategies and 
tools, confronting and reversing the HIV epi- 
demic will fail without sufficient increases 
in funding and decreases in drug prices. 
Given all the promising science and progress, 
this year is an opportune time for countries 
(particularly donors to the Global Fund) to 
announce increases to next year’s HIV/AIDS 
funding. Otherwise, opportunities to imple- 
ment improved policies and strategies and to 
reach more people will be further delayed, as 
will the chance to help countries struggling 
most, such as those in our survey where ART 
reaches one-third or less of those who need 
it (Central African Republic, Democratic 
Republic of Congo, India, and Myanmar). 

Although efficiencies can be made in 
the system, more funding in the short term 
is needed to achieve longer-term cost sav- 
ings (23). Efforts to reduce cost by adapting 
services should take into consideration the 
longer-term benefits of providing an opti- 
mized package of care, including viral load 
testing and accelerated access to treatment. 
For example, introducing viral load moni- 
toring increases the cost of ART per person 
per year but is likely to save money down 
the road by preserving first-line (less expen- 
sive) treatment longer and by detecting and 
treating drug-resistant HIV strains earlier. 
As costing models demonstrate, scaling up 
faster now makes financial sense over the 
long term (24). 

Options for making high-priced patented 
medicines affordable include negotiating vol- 
untary licenses (25) or issuing a “compul- 
sory license” to override a patent. Compul- 
sory licenses for HIV drugs issued by Brazil 
and Thailand set an important precedent for 
access to medicines that have been priced out 
of reach. Countries should be encouraged to 
exercise this right more regularly. 

At a time when donors are calling for 
greater efficiencies in the global AIDS 
response, bilateral trade agreements are being 
pursued that, paradoxically, seek to increase 
intellectual property protection and further 
threaten access to affordable medicines. 
Examples include the EU-India Free Trade 
Agreement and the Trans-Pacific Partnership 
Agreement, with the United States seeking 
unprecedented levels of intellectual property 
protection with 10 Pacific Rim nations. 

Such obstacles, combined with an increas- 


ingly difficult funding environment, present 
hurdles that must be overcome to reach the 
7.6 million more people who still need treat- 
ment, to retain people in long-term care, and 
to move toward policies of treating earlier. 
Although some countries are making prog- 
ress by moving HIV care closer to where peo- 
ple live and delivering it in ways that better 
fit into patients’ lives, most national programs 
require a quantum leap forward to build com- 
munity-based platforms for HIV testing and 
ARV delivery. 
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Defining the Plant Germ Line— 
Nature or Nurture? 


Clinton Whipple 


easing apart environmental from 
"Tien or genetic causes in human 

development is notoriously difficult. 
Although both likely play important roles, we 
tend to favor one or the other to explain why 
we turn out the way we do. A similar nature- 
nurture tension is at play in the acquisition of 
cell fates during development. A fertilized 
zygote must not only divide, but its daugh- 
ter cells must acquire distinct identities. Are 
cell fates determined by lineage, such that 
a mother cell can only give rise to daughter 
cells of a certain type, or can daughter cells 
adopt multiple identities depending on their 
environment? On page 345 in this issue, Kel- 
liher and Walbot (/) show that germline cell 
identity in maize (corn) is specified by cel- 
lular redox potential (the oxidation-reduction 
state of a cell) under the influence of the envi- 
ronment, and not by cell lineage, as previ- 
ously thought. 

Whereas the animal germ line is estab- 
lished early in development and maintained 
as a segregated lineage until maturity (2), 
plants can specify multiple germ lines late 
in development. Challenging the view that 
the plant male germ line is also lineage con- 
trolled (3), Kelliher and Walbot carefully fol- 
lowed cell division and fate in male reproduc- 
tive organs, or anthers. By manipulating the 
redox state of normal and mutant anthers, the 
authors show that a series of environmental 
and cellular signals establish the male germ 
line (see the figure). In the first step, male 
sterile converted anther I (msca1) gene activ- 
ity and the low redox potential of early anther 
induces a germline fate. Subsequently, these 
germline cells secrete a signaling molecule, 
MULTIPLE ARCHESPORIAL CELLS 1 
(MAC1), which both stops further germ- 
line proliferation and causes neighboring 
cells to become supportive tissue. Modulat- 
ing O, levels revealed that a hypoxic environ- 
ment can induce any cell of the early anther 
to differentiate as germ line. Because maize 
anther development is initiated within tightly 
enclosing leaves that block gas exchange, the 
authors propose a model in which a hypoxic 
environment inside the leaves creates a nat- 
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ural redox gradient, diminishing toward the 
center of the anther. Internal cells respond 
to a low redox potential by differentiating as 
germ line. 

The study by Kelliher and Walbot adds 
to a growing body of evidence connecting 
modulation of cellular redox state and devel- 
opmental decisions in plants. The maize 
mscal gene encodes a glutaredoxin protein 
involved in redox homeostasis. In the model 
plant Arabidopsis thaliana, the ROXY genes 
also encode glutaredoxins that regulate floral 


Hypoxic environment 


Low 


MSCAI 
activity 


a 


Early anther cells 


MAC1 secretion 


Cellular redox state affects cell fate 
determination during germline development 
in plants. 


organ number and germline development (4). 
Both ROXY and msca/ belong to a plant-spe- 
cific class of glutaredoxins that modify regu- 
latory proteins in the cell, including develop- 
mental regulators (5). Another recent study 
emphasizes the role of redox homeostasis 
in root meristem development (6). All these 
examples from plants are intimately asso- 
ciated with developmental decisions in the 
germ line or in meristem tissue (undifferen- 
tiated tissue as at the tip of a shoot or root), 
all of which comprise stem cell niches. Thus, 


Parietal 
supportive cells 


Archesporial 
High germline cells 
MSCAI 
activity 


Germline 
fate 3 
————> 


Parietal cells 


Establishing the germ line. (A) A cross section of an anther (male reproductive organ) shows lobes where 
somatic cells establish germline niches. Centrally located germline archesporial cells undergo meiosis. Two 
layers of parietal cells surround the germ line and become supportive tissue. (B) A cellular gradient is cre- 
ated by naturally decreasing O, concentration and the activity of the glutaredoxin MSCA1. Central cells have 
sufficiently low redox potential to become archesporial. (C) The newly specified archesporial cell releases the 
small protein MAC1, which signals adjacent cells to divide and form supportive tissue. 
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cell redox state is emerging as a factor reg- 
ulating the plant stem cell niche, similar to 
what has been described in animals (7). 
Although the determinants of the germ 
line in maize, including mac/ and msca1, 
are still being characterized, more is known 
in Arabidopsis where a similar signaling 
module allows adjacent cell layers to com- 
municate and maintain the stem cell niche 
(8-11). The findings of Kelliher and Walbot 
show that maize employs a conserved mech- 
anism, which is not surprising. More unex- 
pected is the striking resemblance to the sig- 
naling module that maintains the plant shoot 
meristem in which a secreted peptide binds 
to receptors in adjacent cell layers (/2). The 
protective leaves that usually cover vegeta- 
tive meristems may promote a hypoxic envi- 
ronment near the meristem. If this is true, 
then manipulation of redox state could have 


a similar effect on the vegetative meristem. 
Further studies on the role of redox homeo- 
stasis in vegetative meristem development 
may provide answers. 

Perhaps the most intriguing implication 
of the study by Kelliher and Walbot is that a 
naturally arising redox gradient can serve as 
a developmental signal. It remains to be seen 
if a similar mechanism is at work in plants 
such as Arabidopsis that develop their flow- 
ers outside of enclosing leaves. Indeed, maize 
and other grasses are not typical of most land 
plants whose developing reproductive struc- 
tures are much more exposed, potentially 
making it difficult to maintain the proposed 
redox gradient. Maybe future germline cells 
modulate their own redox state, as has been 
described in root meristem differentiation 
(6). If redox state is directly regulated by the 
cell, a patterning mechanism is still required 


to distinguish the cells that will initiate this 
regulation. Does msca/ respond to a naturally 
arising redox gradient, or does it directly par- 
ticipate in lowering the redox state? Distin- 
guishing nature from nurture may not be so 
easy after all. 
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Molecule Formation in Ultrahigh 


Magnetic Fields 


Peter Schmelcher 


trong electric and magnetic fields tend 

to have opposite effects on the forma- 

tion and structure of molecules. Strong 
electric fields always tend to separate the 
oppositely charged particles (electrons and 
nuclei), which causes molecules to ionize 
and dissociate. However, for strong homoge- 
neous and static magnetic fields, binding can 
be strengthened. For hydrogen, the simplest 
atom, a certain class of its quantum states, 
including the ground state, becomes increas- 
ingly bound with increasing magnetic field 
strength (/—3). The electronic cloud shrinks 
transverse to the magnetic field, and because 
of the immediate proximity of the attrac- 
tive nucleus, the overall energy decreases. 
This feature transfers to diatomic and linear- 
chain molecules, where the chemical bind- 
ing energy increases and the corresponding 
bond distances decrease. The field strengths 
needed are far beyond the strongest avail- 
able in the laboratory (30 to 40 T) but can be 
encountered in the atmospheres of magnetic 
white dwarfs (10? to 10° T) and neutron stars 
(>10’T). On page 327 of this issue, Lange et 
al. (4) show that, in addition to this diamag- 
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An extreme magnetic field applied 
perpendicular to a diatomic or linear molecule 
increases its bond strength through a 
paramagnetic interaction. 


Stronger against the field. A schematic illustration of (A) a rotating diatomic molecule in field-free space and 
(B) the parallel and orthogonal configuration of the molecule in the presence of a high magnetic field. Lange 
et al. show that the bond strength increases for the perpendicular case through paramagnetic interactions. 


netic enhanced binding, there exists an ele- 
mentary paramagnetic bonding mechanism 
that occurs for the perpendicular orientation 
of a diatomic molecule with respect to the 
external magnetic field. 

Strong magnetic fields cause novel effects 
in molecular structures and dynamics mainly 
because of the pronounced anisotropic char- 
acter of the magnetic forces. Accounting 
for these effects requires the development 
of innovative computational approaches for 
their theoretical description (5, 6). In the 
absence of electric and magnetic fields (a 
field-free space), the binding of the nuclei via 
the electrons depends only on the internuclear 
distance. In a magnetic field, however, the ori- 
entation of the internuclear axis of a diatomic 


molecule with respect to the external field 
plays a crucial role, and the electronic binding 
energy becomes a two-dimensional potential 
energy surface (see the figure). 

For a diatomic or linear molecule, the 
lowest-energy configuration is typically that 
of the molecular axis parallel to the magnetic 
field. The corresponding angular motion of 
the molecular axis changes from free rota- 
tion in zero field to a hindered rotation and 
finally pure vibrational motion in strong 
fields. This response is found by Lange et al. 
for the ground state of '2, symmetry of H,. 
With increasing field strength, the spin-triplet 
states (unpaired spins) decrease their energy 
gap to the spin-singlet states through the cor- 
responding Zeeman shift. Finally, above a 
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certain critical field strength, the *X, state rep- 
resents the ground state of H,, which is then, 
for even stronger fields, replaced by the *I1, 
state (7, 5). 

The *2, state in field-free space cannot 
accommodate any vibrational states, nor can 
it even for strong fields for molecular and 
magnetic field axes aligned parallel. How- 
ever, for a perpendicular magnetic field, dra- 
matic changes were found by Lange et al. 
through extensive quantum chemical com- 
putations. The antibonding orbitals respon- 
sible for the unbound character of the *2, 
state undergo a metamorphosis for a per- 
pendicular field that stabilizes the molecule. 
The field-induced bonding in this case is nei- 
ther of covalent nor of ionic nature, but rep- 
resents a different bonding mechanism with 
paramagnetic character. The latter is based 
on the lowering of the kinetic energy and the 
antiparallel orientation of the acquired spa- 
tial angular momentum in the presence of a 
strong magnetic field. A simple model for the 
field-dependent molecular orbitals confirms 
this basic mechanism. 

The paramagnetic bonding mechanism 
is not based on the correlations of the elec- 
tronic motion, although they slightly change 
it quantitatively. It already appears within 
Hartree-Fock theory, in which the electrons 
move in their respective averaged field. To 
confirm the appearance of this mechanism 


beyond the hydrogen molecule, Lange et al. 
have explored the He, spin-singlet ground 
state that is weakly bound by dispersion 
forces if there is no external field. In a strong 
field on the order of a few 10° T, He, exhib- 
its a perpendicular orientation while its bond 
distance decreases by a factor of 3 and its 
dissociation energy increases several hun- 
dred times. Here, the same mechanism is at 
work as in the case of the *¥, state of H,, trig- 
gered by the change of character of the anti- 
bonding orbitals. 

Atoms, molecules, and condensed matter 
systems exposed to strong magnetic fields 
represent a fascinating topic, and the work 
by Lange ef al. has added a key bonding 
mechanism. The competition between the 
anisotropy-introducing magnetic field and 
the attractive and repulsive Coulomb forces 
is responsible for an enormous complex- 
ity and diversity of the microscopic behav- 
ior. Indeed, the existing investigations show 
that different excited states of a molecule, 
or ground states of similar molecules, can 
behave in a vastly different manner, and pro- 
vide a first look at a largely unexplored area: 
the world of magnetized matter. 

It might seem that this world is hidden 
from us by the requirement of enormous 
laboratory field strengths. However, avail- 
able field strengths are progressively increas- 
ing, in particular for pulsed magnetic fields 
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in the milli- or microsecond regime that are 
already achieving fields of hundreds of teslas. 
Besides this, standard laboratory magnetic 
fields of a few teslas are sufficient to intro- 
duce novel magnetic properties into highly 
excited Rydberg states (3, 9), for which the 
weakened Coulomb force is comparable to 
the paramagnetic or diamagnetic forces, or 
both. In this respect, the very weakly bound 
Rydberg molecules with a huge bond length 
anda large electric dipole moment, originally 
predicted by Greene ef al. (10) and recently 
found for a specific class experimentally by 
Pfau and co-workers (//), are of particular 
interest and might be an ideal system to probe 
strong magnetic field effects in the laboratory. 
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Nanomaterials for Drug Delivery 


Jeffrey A. Hubbell’ and Ashutosh Chilkoti? 


ll drugs face several transport bar- 

riers on their tortuous journey 

from their site of introduction to 
their molecular site of action. Critical barri- 
ers include rapid filtration in the kidney and 
clearance via the reticulo-endothelial sys- 
tem (RES)—particularly for drugs that spend 
a lot of time in the bloodstream—as well as 
transport from the bloodstream to target cells 
within tissues. At the tissue or cellular tar- 
get, the drug must cross the plasma mem- 
brane, and within the cell, it must escape the 
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harsh acidic environment of endolysosomes, 
within which biomolecular drugs such as pro- 
teins and oligonucleotides may be inactivated 
or degraded. Other barriers are the nuclear 
membrane and the multiple drug resistance 
mechanisms that pathological cells can 
develop. Recent studies illustrate some par- 
ticularly promising ways in which nanoma- 
terials as drug or vaccine carriers can assist 
in navigating these barriers, with a particular 
focus on administration by injection. 

For drugs administered through injection, 
the vasculature provides both a road to the 
destination—the site of disease—and many 
detours for the drug to be lost in transit. Trans- 
port in the vasculature and in the tissues that 
those vessels perfuse depends on convection 
in the circulation as well as diffusion and con- 
vection in the tissue interstitium (i.e., between 
the blood capillaries and the lymphatic capil- 
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Nanometer-scale polymeric materials are 
increasingly used to surmount the barriers 
faced by drugs and vaccines on their way 
to their site of action. 


laries) (7). One challenge has been to atten- 
uate the filtration rate of molecules from the 
bloodstream, especially into the kidney, and to 
avoid premature clearance by the RES. 

To address this, the hydrodynamic 
radius of protein drugs has been increased 
to ~10 nm by grafting the hydrophilic poly- 
mer poly(ethylene glycol). This technology, 
referred to as PEGylation, is based on the 
twin observations that larger hydrophilic mol- 
ecules are filtered by the kidney more slowly 
than smaller ones and that PEGylated proteins 
more successfully evade premature clearance 
through the RES. Gao et al. recently created 
site-specific, PEG-like conjugates by polym- 
erizing very long polymer chains from one of 
the protein termini. This approach increased 
the hydrodynamic radius from 3 nm for the 
native protein to >20 nm for the conjugate (2). 
In a similar, genetically encoded approach, 
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Schellenberger et al. expressed therapeutic 
proteins as fusions with a long, unstructured, 
hydrophilic polypeptide that seems to share 
many of the valuable attributes of PEG. Such 
fusions led to projected extension of circula- 
tion half-lives of exenatide, an important pep- 
tide drug for type 2 diabetes, from 2 hours to 
>100 hours (3). 

The tumor vasculature is much leakier to 
colloidal objects than the healthy vasculature, 
allowing micelles and associated drugs to 
accumulate there. For tumor-targeting protein 
drugs, the approaches described above can 
lead to enhancement in circulation lifetime by 
a factor of 10 and improved accumulation in 
tumors relative to the native protein (2). 

Even larger self-assembled polymer 
micelles are being developed to target specific 
tissues and even subcellular compartments in 
tumors. In one such approach, MacKay et al. 
(4) conjugated a hydrophobic cancer drug via 
an acid labile linker to an elastin-like poly- 
peptide. Driven by the hydrophobicity of the 
conjugated drug, these polymers self-assem- 
ble into micelles <50 nm in diameter. These 
micelles then localize to tumors. In the acidic 
environment of the endolysosomes of the 
tumor cells, the drug is cleaved to reach its 
nuclear target, leading to a potent therapeutic 
response in an animal model. 

In a remarkable feat of multifunctional 
polymer design, Murakami et al. have devel- 
oped micelles that form a complex with a plat- 
inum-based DNA-targeting anticancer drug 
in a pH- and Cl -dependent manner, with drug 
release and activation favored at acidic pH and 
high Cl (5). The latter conditions are unique 
to late endosomes (just prior to endosomal 
fusion with lysosomes) and lysosomes. Late 
endosomes are localized near the cell nucleus, 
allowing directed delivery of the drug close to 
its DNA target, thus escaping the cytoplasmic 
resistance mechanisms that often inactivate 
the free drug. 

Other micelle approaches abound (6, 7). 
Notable among these is an optimization of 
micelle shape for highly prolonged circula- 
tion (8). Polymer micelles for use in drug 
delivery are typically formed by self-assem- 
bly of block copolymers with a hydrophobic 
domain (which drives polymer association 
in the presence of water) and a hydrophilic 
domain (which restricts this association to 
the nanometer dimension). The relative vol- 
ume of the two polymer segments controls 
the shape of the resulting micelle. Chris- 
tian et al. have shown that polymer architec- 
tures that lead to cylindrical micelles enable 
highly prolonged circulation in the blood 
stream, thereby reducing off-target toxicity 
and increasing efficacy in tumor killing with 


An example of nanomaterials design. A complex structure helps siRNA to be carried to the tumor cell sur- 
face, internalized by endocytosis, and then released from the endolysosome into the cytoplasm. (A) Chains 
of positively charged cyclodextrins (light blue) form electrostatic nanoparticles with the negatively charged 
siRNA (purple). These complexes are administered by injection. (B) In the bloodstream, nanoparticle clear- 
ance is blocked by PEG chains terminated with hydrophobic moieties that bind as guests in the hydropho- 
bic host center of the cyclodextrin. The nanoparticles are further functionalized with transferrin (green) as a 
tumor-targeting moiety (many tumor cells overexpress the transferrin receptor), using the PEG as a linker. (C) 
In the tumor cell, the particle dissociates to release the siRNA into the cytoplasm. 


drugs such as paclitaxel (8). 

Other features of tumors have been used 
for targeting to amplify a signal at the tumor 
site. For example, von Maltzahn ef al. have 
targeted nanomaterials to molecular features 
unique to the tumor endothelium to induce 
coagulation there; the resulting coagulum 
was then targeted with drugs that bind bio- 
chemically to the nascent clot (9). Because 
coagulation is autocatalytic, substantial sig- 
nal amplification occurs between the initial 
tumor targeting step and the final binding of 
the drug to the coagulum. Here, biomolecu- 
lar recognition was used in the first step to 
localize the procoagulant nanoparticles to 
the tumor endothelium through binding of 
a nanoparticle-conjugated domain of tissue 
factor receptor, targeting the tissue factor that 
is naturally up-regulated on the pathological 
tumor endothelium (9). 

Annexin | is also highly expressed on the 
tumor endothelium. A short peptide sequence 
has recently been discovered that serves as 
a ligand for this marker, providing efficient 
drug localization to the tumor endothelium 
(0). This ligand can presumably be used to 
target micelles to tumor vasculature, as has 
been done with other peptides to target sites 
of atherosclerotic plaque after intravascular 
injection (//). 

Biomacromolecular drugs typically can- 
not permeate through membranes to access 
targets in the cytoplasm. An exciting exam- 
ple of nanomaterials to penetrate these bar- 
riers is the delivery of small interfering 
RNA (siRNA) using cationic nanocarriers. 
As the cell attempts to neutralize the basic 
charge of the nanomaterials, the resulting 
osmotic imbalance destabilizes the endoly- 


sosomal membranes and releases the drug 
into the cytoplasm (/2). Additional features 
to promote stability and targeting have been 
designed into this Lego-like nanomaterial (see 
the figure). Initial evidence for gene knock- 
down in tumors in patients supports the func- 
tion of this nanomaterial design (/2). 

Vaccines are another area in which size 
matters. In the interstitium of most tissues, 
fluid flows between the blood capillaries and 
the draining lymphatics. After injection (e.g., 
intradermally), nanomaterials that are suffi- 
ciently small (sub-100 nm) to avoid entrap- 
ment in the tissue interstitium are efficiently 
transported by this interstitial flow into the 
draining lymphatics and lymph nodes. Here 
they can be collected by lymph node—tesident 
dendritic cells—the first key cellular player in 
generating an immune response (/3). 

Particulate antigen from outside the cell 
is most frequently processed and presented 
on class II major histocompatibility complex 
(MHC) molecules, which results in humoral 
immunity. The resulting antibodies can be 
useful for preventing disease, for example by 
binding and neutralizing a virus, but are less 
useful for killing aberrant cells, such as cells 
already infected by the virus. To achieve this, 
the antigen must be presented on MHC class 
I molecules, leading to the induction of lym- 
phocytes that can kill virally infected cells and 
even tumor cells. 

Antigen presented on MHC class I usually 
derives from protein within the cell, such as 
viral proteins. However, under some circum- 
stances, antigen from extracellular sources 
can be shuttled to MHC class I. This “‘anti- 
gen cross-presentation” is particularly effec- 
tive when antigen is conjugated to nanopar- 
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ticles by a reducible disulfide bond (/4), 
which is cleaved in the reductive environment 
within the endosome, resulting in strong cel- 
lular immunity that can kill aberrant cells. 
Such small nanoparticles can also very effec- 
tively target antigen-presenting cells after 
pulmonary administration to induce a potent 
immune response in the lung and at other 
mucosal surfaces, to protect from viral infec- 
tions such as influenza (/5). Other nanoma- 
terial designs have also been shown to lead 
to strong cross-presentation, including mul- 
tilamellar vesicles, stabilized by interlamel- 
lar cross-linking, carrying antigen as well as 
adjuvant molecules (/6). 

The level of sophistication of designing 
nanocarriers to be functionally responsive 
has recently been taken to new levels with 
compelling demonstrations in vitro. Doug- 
las et al. have used DNA origami—intri- 
cately folded nanoscale DNA structures—to 


develop hollow nanocontainers with DNA 
aptamer—based locks (/7). These aptamers 
also bind to particular biomolecular signals; 
when the aptamer detects the binding antigen 
key, the nanocontainer is opened and the pay- 
load is released. 

These examples show how highly func- 
tional multicomponent polymeric nano- 
structures can guide drugs to tissues, coax 
them through the biological barriers at the 
surfaces of and within cells, and escape 
drug clearance and drug resistance. How- 
ever, in translation to human clinical trials, 
the devil is often in the details: Materials 
must be developed that maintain their sta- 
bility, size distribution, and targeting speci- 
ficity in the complex and concentrated pro- 
tein environment of the body, that can be 
eliminated from the body at the same rate as 
planned administration to avoid accumula- 
tion, and that can be processed by the body 
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without formation of untoward metabolites. 
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GEOCHEMISTRY 


The Marine Sulfur Cycle, Revisited 


Matthew T. Hurtgen 


ulfur takes part in many biogeochemi- 

cal reactions that affect the global car- 

bon and oxygen cycles. On short time 
scales and in the absence of oxygen, many 
microbes use organic carbon to reduce sul- 
fate to sulfide, which may then react with iron 
to form pyrite. On much longer time scales, 
the net addition of oxygen to the atmosphere 
through organic carbon burial promotes sul- 
fide oxidation on land and increases the 
amount of sulfate carried by rivers to the 
oceans. Two reports in this issue, by Wort- 
mann and Paytan (/) on page 334 and Halevy 
et al. (2) on page 331, show that on time 
scales of millions of years, changes in the for- 
mation and dissolution of evaporite minerals 
can strongly impact marine chemistry and the 
carbon cycle (see the figure). On longer time 
scales, the sulfur cycle played a much greater 
role in regulating atmospheric oxygen levels 
than previously recognized. 

Earth scientists have long appreciated that 
marine sulfate concentrations have changed 
substantially through time as a result of vary- 
ing sulfur fluxes to and from the ocean. The 
story has generally been framed in terms of 
changing inputs. The sulfate content of the 
ocean should track the oxidation history of 
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the Earth’s surface. As oxygen levels increase, 
so, too, should sulfide oxidation on land and 
the resulting flux of sulfate via rivers to the 
ocean. Because oxygen levels at the Earth’s 
surface are thought to have been relatively 
stable since ~580 million years ago, marine 
sulfate concentrations would be expected to 
have been largely unchanged through the Pha- 
nerozoic (since ~542 million years ago). 


Model studies point to a larger role of the 
sulfur cycle in maintaining atmospheric oxygen 
levels than previously recognized. 


However, over the past decade, scientists 
have found that Phanerozoic sulfate concen- 
trations varied considerably (3). Sulfate con- 
centrations in the modern ocean are 28 mM, 
but the composition of fluid inclusions in 
halite suggests that Phanerozoic levels may 
have fluctuated between ~5 and 25 mM. The 
time resolution of these data is quite low, but 
this work suggests that the flux of sulfur into 


Sulfate weathering input via rivers; oxidative weathering of 
sulfides (flux 1) and dissolution of calcium sulfates (flux 2) 


Reassessing marine sulfur fluxes. The main sulfur inputs to the ocean are the dissolution of evaporite 
minerals and oxidative weathering of pyrite; the main sulfur outputs are the formation and burial of evapo- 
rites and pyrite. During the Phanerozoic, pyrite deposition and weathering have dominated these fluxes (2). 
However, episodic, massive changes in evaporite formation (2, 2) and dissolution (2) strongly impact the 
marine sulfur cycle on million-year time scales. 
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and out of the ocean has fluctuated much 
more than previously recognized. 

To better constrain sulfur fluxes to and 
from the ocean, Wortmann and Paytan use 
a model that tracks the mass and sulfur iso- 
tope composition of fluxes into and out of the 
ocean. Most sulfur in the ocean is brought 
there by rivers as a result of oxidative weath- 
ering of sulfides and dissolution of calctum 
sulfates. Sulfur is removed from the ocean 
through microbial sulfate reduction fol- 
lowed by pyrite burial, and by calcium sul- 
fate (evaporite) deposition. Evaporite depo- 
sition does not have a large effect on the sul- 
fur isotopic composition, but microbial sul- 
fate reduction does, because microbes pre- 
fer to use *S over *S during the production 
of sulfide (4). As a result, the sulfur isotope 
composition (6S, isie) of river inputs today 
is ~6 per mil (%o) (5), but that of seawater 
sulfate is ~20%o. 

Variations in 5°S igi are traditionally 
interpreted to reflect changes in the total 
amount of sulfur buried in ocean sediments 
as pyrite—a parameter referred to as f,,,. 

Wortmann and Paytan conclude that a 
5%o negative O*S jee Shift in ~120-mil- 
lion-year-old rocks was caused by massive 
seawater sulfate removal that accompanied 
large-scale evaporite deposition during the 
opening of the South Atlantic Ocean. Evap- 
orite formation does not cause sulfur iso- 
tope fractionation; in the model, the nega- 
tive O°4S.. ime Shift is driven by lower pyrite 
burial rates resulting from substantially 


reduced marine sulfate levels. The authors 
attribute a 5%o positive 64S. jt. Shift about 
50 million years ago to an abrupt increase 
in marine sulfate concentrations as a result 
of large-scale dissolution of freshly exposed 
evaporites; they argue that the higher sulfate 
concentrations led to more pyrite burial. 

Halevy et al. likewise study past sulfur 
fluxes to and from the ocean, but over lon- 
ger time scales (the past 500 million years). 
They quantify sulfate evaporite burial rates 
through time with the help of a database 
that contains surface and subsurface infor- 
mation on sedimentary strata from loca- 
tions across North America and the Carib- 
bean. They then scale these rates to obtain a 
global estimate. 

The results indicate that sulfate burial 
rates were higher than previously estimated, 
but also greatly variable. When Halevy et al. 
integrated these improved evaporite burial 
fluxes with seawater sulfate concentration 
estimates (3) and sulfur isotope constraints 
(6, 7), their calculations implied that Pha- 
nerozoic f,,, values were ~100% higher on 
average than previously recognized. These 
surprisingly high and constant pyrite burial 
outputs must have been balanced by equally 
high and constant inputs of sulfate to the 
ocean via sulfide oxidation (weathering). 

The relatively high and constant rates of 
pyrite weathering and burial over long geo- 
logic time scales, identified by Halevy et al., 
suggest that the consumption and produc- 
tion of oxygen via these processes played a 


larger role in regulating Phanerozoic atmo- 
spheric oxygen levels than previously recog- 
nized—perhaps by as much as 50%. How- 
ever, both studies recognize the importance 
of episodic evaporite burial on the sulfur 
cycle, and Wortmann and Paytan show that 
large-scale deposition and dissolution of 
these evaporites over relatively short geo- 
logic time scales can have an enormous 
impact on marine sulfate concentrations, 
pyrite burial rates, and the carbon cycle. 

The studies by Wortmann and Paytan 
and Halevy ef al. highlight the dynamic 
nature of the Phanerozoic sulfur cycle and 
its importance in regulating the chemistry of 
the ocean-atmosphere system. Future work 
should focus on better constraining marine 
sulfate levels and global sulfate burial rates 
through time, the relationship between 
marine sulfate concentrations and pyrite 
burial rates, and the role of sulfur in regulat- 
ing ocean nutrient cycling, the carbon cycle, 
and ultimately climate. 
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ECOLOGY 


The Art of Ecological Modeling 


lan L. Boyd 


cientists appear to have a very lim- 

ited capacity to predict the behavior of 

nonlinear dynamic systems, including 
ecological systems (/). As understanding of 
these systems improves, uncertainty around 
system behavior tends to increase rather than 
decline (2). The reason for this paradoxi- 
cal observation is that the uncertainty in the 
models used for prediction has been under- 
estimated. Many of today’s ecological mod- 
els have excessively optimistic ambitions to 
predict ecosystem and population dynamics. 
Some recent studies (3—5)—including that by 
Mougi and Kondoh (6) on page 349 of this 
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issue—help to specify where the limits of 
prediction may lie. 

Mougi and Kondoh used network models 
to show that the specific mixture of agonistic 
and mutualistic interactions between species 
is likely to contribute to stabilizing popula- 
tions in ecological networks. Real ecosys- 
tems contain a rich mixture of these types of 
interactions, meaning that community net- 
work structure may affect the dynamics of 
individual populations. Moreover, stability 
and controllability of networks also depend 
on how tightly the key nodes in these net- 
works are coupled (4, 5). These results sug- 
gest that some species within ecosystems 
are especially important to ecological sta- 
bility, which is consistent with the empirical 


Ecological models have limited predictive 
power, but can provide insights into what 
makes an ecosystem vulnerable to disturbance. 


evidence of the relative importance of dif- 
ferent species (7). 

Forty years ago, May’s (8) suggestion that 
complexity does not necessarily beget sta- 
bility in ecological networks began a debate 
about a possible trade-off between complexity 
and stability in ecosystems. The recent results 
(3-6) indicate that complexity does beget sta- 
bility—but only in the presence of certain spe- 
cies and types of interaction between them. 

If only a small subset of all possible eco- 
logical networks with certain species abun- 
dances and types of interactions is stable, 
this result may explain the characteristic fre- 
quency distribution of species abundance 
observed in ecological communities (9). It 
may also help to predict the consequences for 
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ecosystem stability of weak- 
ening key nodes in these net- 
works through biodiversity 
loss as a result of selective 
exploitation or destruction of 
species (/0), or because of the 
effects of climate change on 
the relative strength of interac- 
tions between species (//). 

However, if we are to have 
any hope of managing eco- 
logical systems, we require a 
mechanism to identify which 
disturbances are likely to lead 
to instability. Using cultured 
yeast populations, Dai et al. 
(3) recently reported the pres- 
ence of telltale signs of tip- 
ping points, or bifurcations 
in the language of chaos the- 
ory, when the system state can 
change rapidly and unpredict- 
ably. Predicting bifurcations in 
chaotic systems has many of the characteris- 
tics of playing roulette, and some have rightly 
cautioned against optimism about their pre- 
dictability (12). However, it appears that per- 
turbed populations take longer to return to 
their original state in advance of a bifurca- 
tion. This supports the observation of chang- 
ing dynamics within food webs up to a year in 
advance of an experimentally induced regime 
shift in a real ecosystem (/3). In practice, 
this effect can be detected statistically (14, 
15), suggesting the possibility of establishing 
indicators of future system status. 

These results need to be translated into 
operational uses. Standard models used to 
manage biological resources rarely have the 
capacity to model the dynamics typically 
associated with bifurcations. The main mod- 
els are general population models (/6) and 
data-driven, heuristic, ecosystem models 
(17, 18), which are rarely validated and often 
overparameterized. They are grounded in the 
concept of linear (predictable) rather than 
nonlinear (unpredictable) systems and thus 
fail to capture the underlying complexity of 
ecological processes. 

These model limitations must be kept in 
mind when reporting results, especially for 
use in decision-making. It may be tempting to 
ignore model uncertainty in the name of prag- 
matism, but this will not lead to better deci- 
sions. Indeed, this type of systemic misap- 
plication of ecological models may underlie 
some cases of natural resource depletion. For 
example, fisheries models typically assume 
linear dynamics and rarely consider the impli- 
cations of wider community interactions for 
the validity of their predictions (/0, 19). 
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Ecosystem dynamics. Models show that the mixture of agonistic and 
mutualistic interactions in ecological networks is important for the sta- 
bility of communities. These complex interactions are typically not cap- 
tured by models used to manage ecological resources. 


Predicting the dynamics of real ecosys- 
tems—or even of components of these eco- 
systems—will remain beyond the reach of 
even the best ecosystem models for the fore- 
seeable future (see the figure). However, 
the emerging body of evidence (3—6), sug- 
gests that ecological network models can 
be used to describe ecosystem characteris- 
tics and general behavior, including provid- 
ing indicators of when ecosystems are being 
stressed. Successful management of eco- 
logical processes will come down to being 
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able to identify and measure the dynamics 
of influential network components, probably 
in the form of key species (7). These species 
need not be the most common or those that 
are exploited (7, 20). 

In future, the rational management of 
exploited species will probably depend 
increasingly on the status of these key species 
in ecological networks. The legal designation 
of protected species, together with an obli- 
gation on authorities to monitor their status, 
presents an opportunity to establish ecolog- 
ically meaningful system indicators that are 
also relevant to public policy. 
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APPLIED PHYSICS 


Spin Twists in a Transistor 


Igor Zutié and Jeongsu Lee 


By using electron spin in a transistor, researchers have developed a new approach for transferring 


and processing information. 


ransistors are the centerpiece of con- 
ventional electronics, with two key 
features of switching and amplifica- 

tion. However, transistors relying on elec- 
tron charge are oblivious to another property 
of electrons: their spin. In a simple picture, 
these spins are compass needles, aligned by 
a magnetic field. With different orientations, 
“up” and “down,” spin lends itself to encod- 
ing binary information as ones and zeroes, 
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as explored in the field of spintronics (J, 2). 
Whereas harnessing spin for robust infor- 
mation storage in computer hard drives and 
magnetic random access memories has been 
very successful, delivering a spin transistor 
has been challenging (/). On page 324 of this 
issue, Betthausen ef al. (3) describe a newly 
discovered spin-transistor action. Consider- 
ing that the pioneering work on another spin 
transistor (4) waited two decades for experi- 
mental realization (5), it is a remarkable feat 
that the work of Betthausen et al. presents 
the experiment and theory for their spin 
transistor. 
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ecosystem stability of weak- 
ening key nodes in these net- 
works through biodiversity 
loss as a result of selective 
exploitation or destruction of 
species (/0), or because of the 
effects of climate change on 
the relative strength of interac- 
tions between species (//). 

However, if we are to have 
any hope of managing eco- 
logical systems, we require a 
mechanism to identify which 
disturbances are likely to lead 
to instability. Using cultured 
yeast populations, Dai et al. 
(3) recently reported the pres- 
ence of telltale signs of tip- 
ping points, or bifurcations 
in the language of chaos the- 
ory, when the system state can 
change rapidly and unpredict- 
ably. Predicting bifurcations in 
chaotic systems has many of the characteris- 
tics of playing roulette, and some have rightly 
cautioned against optimism about their pre- 
dictability (12). However, it appears that per- 
turbed populations take longer to return to 
their original state in advance of a bifurca- 
tion. This supports the observation of chang- 
ing dynamics within food webs up to a year in 
advance of an experimentally induced regime 
shift in a real ecosystem (/3). In practice, 
this effect can be detected statistically (14, 
15), suggesting the possibility of establishing 
indicators of future system status. 

These results need to be translated into 
operational uses. Standard models used to 
manage biological resources rarely have the 
capacity to model the dynamics typically 
associated with bifurcations. The main mod- 
els are general population models (/6) and 
data-driven, heuristic, ecosystem models 
(17, 18), which are rarely validated and often 
overparameterized. They are grounded in the 
concept of linear (predictable) rather than 
nonlinear (unpredictable) systems and thus 
fail to capture the underlying complexity of 
ecological processes. 

These model limitations must be kept in 
mind when reporting results, especially for 
use in decision-making. It may be tempting to 
ignore model uncertainty in the name of prag- 
matism, but this will not lead to better deci- 
sions. Indeed, this type of systemic misap- 
plication of ecological models may underlie 
some cases of natural resource depletion. For 
example, fisheries models typically assume 
linear dynamics and rarely consider the impli- 
cations of wider community interactions for 
the validity of their predictions (/0, 19). 
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Ecosystem dynamics. Models show that the mixture of agonistic and 
mutualistic interactions in ecological networks is important for the sta- 
bility of communities. These complex interactions are typically not cap- 
tured by models used to manage ecological resources. 


Predicting the dynamics of real ecosys- 
tems—or even of components of these eco- 
systems—will remain beyond the reach of 
even the best ecosystem models for the fore- 
seeable future (see the figure). However, 
the emerging body of evidence (3—6), sug- 
gests that ecological network models can 
be used to describe ecosystem characteris- 
tics and general behavior, including provid- 
ing indicators of when ecosystems are being 
stressed. Successful management of eco- 
logical processes will come down to being 
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able to identify and measure the dynamics 
of influential network components, probably 
in the form of key species (7). These species 
need not be the most common or those that 
are exploited (7, 20). 

In future, the rational management of 
exploited species will probably depend 
increasingly on the status of these key species 
in ecological networks. The legal designation 
of protected species, together with an obli- 
gation on authorities to monitor their status, 
presents an opportunity to establish ecolog- 
ically meaningful system indicators that are 
also relevant to public policy. 
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Spin Twists in a Transistor 


Igor Zutié and Jeongsu Lee 


By using electron spin in a transistor, researchers have developed a new approach for transferring 


and processing information. 


ransistors are the centerpiece of con- 
ventional electronics, with two key 
features of switching and amplifica- 

tion. However, transistors relying on elec- 
tron charge are oblivious to another property 
of electrons: their spin. In a simple picture, 
these spins are compass needles, aligned by 
a magnetic field. With different orientations, 
“up” and “down,” spin lends itself to encod- 
ing binary information as ones and zeroes, 
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as explored in the field of spintronics (J, 2). 
Whereas harnessing spin for robust infor- 
mation storage in computer hard drives and 
magnetic random access memories has been 
very successful, delivering a spin transistor 
has been challenging (/). On page 324 of this 
issue, Betthausen ef al. (3) describe a newly 
discovered spin-transistor action. Consider- 
ing that the pioneering work on another spin 
transistor (4) waited two decades for experi- 
mental realization (5), it is a remarkable feat 
that the work of Betthausen et al. presents 
the experiment and theory for their spin 
transistor. 
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Transistor switching. (A) In conventional transistors, the electron flow from 
source to drain is controlled by the gate voltage, V,. (B) In a spin transistor, V, 
alters the spin-orbit coupling, which rotates the electron spin direction in the 
channel. A ferromagnetic source initializes the spin alignment, and a ferromag- 
netic drain determines whether the flow is permitted (restricted), depending on 
the spin alignment (misalignment) between the electron exiting the channel and 


Conventional transistors (6) are three- 
terminal devices relying on classical charge 
transfer (see the figure, panel A). Describing 
spin transistors (panels B and C), however, is 
more elusive because it requires quirky prob- 
abilistic laws of quantum mechanics. Simi- 
lar to tossing a coin, we cannot say whether 
the tails or heads will be next, but we can 
only calculate the likelihood for either out- 
come to happen. In a spin transistor, the 
relevant outcomes are different spin orien- 
tations. By using spin twists, Betthausen ert 
al. have implemented transistor switching 
action between the low- and high-resistance 
states (“on” and “off,” respectively). For the 
compass-needle analogy, we can have two 
extreme cases for spin twists: For a magnet 
slowly rotating above a compass, the needle 
will follow the magnet, as expected for an 
adiabatic transition. However, if we rotate 
the magnet too quickly, the compass needle 
will not have time to react and its orienta- 
tion will stay put, a sign that the transition 
is diabatic. 

Betthausen et al. have shown how adia- 
batic processes effectively shelter spin infor- 
mation, propagating undisturbed and with- 
out scattering at distances 10 to 100 times 
greater than the characteristic distance for 
charge scattering. Although such a distance 
of spin-information transfer is still small, it 
dwarfs what is currently available in other 
type of spin transistors (5, 7, 5) and even the 
characteristic dimensions of ever-shrinking 
conventional transistors. These results were 
made possible by tailoring materials proper- 
ties and adding magnetic (Mn) impurities in 
a two-dimensional channel material (Cd,Mn) 
Te (9). This choice enables both a large spin 
splitting (energy difference between spin-up 
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and spin-down orientation), and a high elec- 
tron mobility, while the strong magnetic field 
keeps their spins in check. Careful design of 
the magnetic field profile combines a heli- 
cal pattern along the channel (see the figure, 
panel C), which results in a twisting of the 
spins, and a constant, but tunable, external 
field that selects the transition mechanism. 

The new spin transistor gives the field 
of spintronics a major boost, opening unex- 
plored directions of not just storing but 
also transferring and processing spin-based 
information (/0-—/2). At present, however, 
the spin transistor is unlikely to compete 
with its conventional counterpart. The adia- 
batic spin transistor is only realized at tem- 
peratures below | K, and the reliance on an 
external magnetic field is not very practi- 
cal. Furthermore, the amplification in the 
transistor action has yet to be demonstrated. 
However, none of these current limitations 
are fundamental obstacles. 

A higher operation temperature could 
be realized by adding more Mn impurities 
to increase the spin splitting. Alternatively, 
one could consider other two-dimensional 
magnetic channels—for example, mag- 
netic semiconductors (/3) or oxides (14)— 
showing a permanent magnetism with a 
large spin splitting. Some caution is needed 
because additional magnetic impurities typ- 
ically reduce the mobility and thus shorten 
the range of spin-information transfer. If 
an important functionality can be identified 
for the spin transistor, the low temperature 
alone would not be the deal breaker. With 
either voltage-tunable permanent magnets 
(1, 15, 16) or spin-orbit coupling (/, 2, 5) 
the need for an external magnetic field could 
be removed because the spin splitting would 
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the drain. (C) In adiabatic spin transistors, the “on” state is realized by the grad- 
ual (adiabatic) change of the magnetic field (white arrows). The spins have time 
to respond to the direction dictated by the field, and electrons flow smoothly 
across the channel. For the “off” state, there is an abrupt (diabatic) change of the 
magnetic field. Electrons unable to align their spin along the field are scattered 
back and their flow is impeded. 


be electrically controlled. This possibility 
would allow revisiting amplification, as it is 
known in conventional transistors (6), where 
the change in the gate voltage controls the 
source-drain current (see the figure, panel 
A). Demonstrating the amplification in adia- 
batic spin transistors could also come with 
additional benefits of a versatile spin con- 
trol and a robust performance with respect to 
slight variations, inevitable in fabrication of 
different devices. 

At the heart of spintronics lies the quest 
to elucidate physical phenomena and possi- 
ble applications emerging from microscopic 
spins. Although spin twists are limited to 
small distances, they may offer a giant leap 
for effectively taming the spin transistor. 
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RETROSPECTIVE 


Aaron Shatkin (1934-2012) 


Nahum Sonenberg' and Witold Filipowicz” 


aron Shatkin died of cancer at his 
At in Scotch Plains, New Jer- 

sey, on 4 June, at the age of 77. 
When asked last year by the Bowdoin Col- 
lege (where he majored in chemistry) mag- 
azine, what was the most rewarding part of 
his job, he responded: “Seeing students and 
others I’ve mentored at CABM (Center for 
Advanced Biotechnology and Medicine at 
Rutgers University and the University of 
Medicine and Dentistry of New Jersey) and 
elsewhere become independent, accom- 
plished researchers and leaders in their fields 
in many different countries.” His gracious- 
ness and passion for science were among his 
finest attributes. Both of us, like all his train- 
ees, Owe our progress in science largely to his 
extraordinary mentorship. 

Aaron did his graduate studies with 
Edward Tatum, Nobel laureate, at the Rock- 
efeller University, investigating the morphol- 
ogy of the filamentous fungus Neurospora 
crassa. However, the work coauthored with 
Edward Reich and Richard Franklin, dem- 
onstrating that the antibiotic actinomycin D 
blocks cellular messenger RNA (mRNA) 
synthesis, had the most impact on his future 
career and started his lifelong adventure with 
animal viruses. The availability of actinomy- 
cin D allowed Aaron and others to investigate 
virus gene expression in the absence of host 
mRNA synthesis, which greatly facilitated 
the study of virus-encoded proteins. Fol- 
lowing the move to the laboratory of Nor- 
man Salzman at the National Institutes of 
Health in 1963, Aaron studied several human 
viruses including vaccinia virus and poliovi- 
rus, providing early insights into viral RNA 
and protein synthesis. From the mid-1960s, 
he focused almost entirely on the life cycle of 
reovirus, studied also independently by Wolf- 
gang Joklik and Bernard Fields. After moving 
to the Roche Institute of Molecular Biology 
in Nutley, New Jersey, in 1968, Aaron showed 
that the segmented genome of the reovirus 
consists of 10 separate double-stranded RNA 
“chromosomes,” which are copied by a viral 
RNA polymerase, and that the resulting tran- 
scripts function both as mRNAs and tem- 
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plates for synthesis of progeny segments. The 
work with reovirus led Aaron and his associ- 
ate Yasuhiro Furuichi to discover the 5’-ter- 
minal m’GpppN cap structure in 1975. 

The discovery that viral mRNAs have 
their termini modified with m’GpppN caps 
(made together with Ber- 
nard Moss working on 
vaccinia virus) had far- 
reaching consequences. 
Caps are present on all 
nuclear-transcribed cellu- 
lar mRNAs and mRNAs 
of many viruses, and are 
involved in almost every 
aspect of mRNA metabo- 
lism. In 1975, Aaron and 
James Darnell showed 
that long heterogeneous 
nuclear RNAs too harbor 
m/GpppN caps in addition 
to being polyadenylated 
at the 3’ end. How both 
these terminal structures 
could be preserved in much 
shorter mature mRNAs became evident only 
upon the discovery of mRNA splicing. 

Aaron’s laboratory further led the field 
in conducting a comprehensive analysis of 
the mechanism by which the m’GpppN cap 
facilitates translation initiation. This entailed 
the discovery of new translation factors and 
promulgation of the scanning mechanism by 
which the mammalian 40S ribosome selects 
the AUG initiation codon. His laboratory also 
documented the importance of the cap for 
mRNA stability. More recently, Aaron pur- 
sued his favorite topic of the capping mech- 
anism and enzymes involved. His last paper 
in 2011 described the x-ray structure of the 
carboxyl-terminal capping domain of the 
human capping enzyme. Although focused 
on mRNA capping, Aaron was always open 
to other ideas. His laboratory discovered the 
pathway leading to RNA ligation and transfer 
RNA (tRNA) splicing in animal cells in the 
early 1980s. 

Aaron was loved by his peers, students, 
and collaborators. He was a person of excep- 
tional integrity, and his warm character and 
radiating optimism (and smile) were infec- 
tious. He was an excellent mentor, always 
fostering openness, collaboration, and 
friendly dispute. Most of his former students 
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A virologist discovered the eukaryotic mRNA 
5’-terminal cap structure and revealed its role 
in gene expression. 


and collaborators remained in close contact 
with Aaron, very often seeking his support 
and advice. Over 40 of us, from all over the 
world, gathered in September 2011 for the 
“Shatkin Reunion”—sadly the last one—to 
show our appreciation for his mentorship and 
friendship. The day of the 
reunion was full of recol- 
lections, short stories, and 
news from the lives of our 
families, which Aaron fol- 
lowed very closely. What 
moved us most strongly on 
that day was Aaron’s engag- 
ing presentation, deliv- 
ered already in frail health, 
describing his current 
research and reminiscing 
about the happy days with 
his students and colleagues. 
Aaron was a recipi- 
ent of many awards and 
honors, including the 
Steel award from the U.S. 
National Academy of Sci- 
ences (1977) and the Association of Ameri- 
can Medical Colleges Award (2003). He was 
elected to the U.S. National Academy of Sci- 
ences in 1981 and the American Academy of 
Arts and Sciences in 1997. In addition to 
his illustrious career as a researcher, Aaron 
greatly contributed to other aspects of sci- 
ence. He was a founding editor-in-chief of 
the journal Molecular and Cellular Biology. 
In 1986, he became the founding director of 
CABM in Piscataway, New Jersey. Under 
Aaron’s leadership, CABM has grown into a 
world-class research institution. In recogni- 
tion of Aaron’s extraordinary leadership, an 
endowed annual lectureship was established 
in his name at CABM, with Harold Var- 
mus, director of the National Cancer Insti- 
tute, giving the inaugural lecture in April 
2012. Aaron arrived a few minutes late for 
the lecture, straight from Boston where he 
was undergoing experimental therapy. He 
passed away a month later. He worked until a 
few weeks before he died, a testament to his 
devotion to science and his work. Aaron is 
survived by his son Greg. Joan, his beloved 
wife for 51 years, passed away in 2009. 
Till his last days, Aaron stopped daily for a 

moment of silence in front of her grave. 
10.1126/science.1226820 
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The Exploration of Hot Nuclear Matter 


Barbara V. Jacak? and Berndt Miiller?* 


When nuclear matter is heated beyond 2 trillion degrees, it becomes a strongly coupled 

plasma of quarks and gluons. Experiments using highly energetic collisions between heavy nuclei 
have revealed that this new state of matter is a nearly ideal, highly opaque liquid. A description 
based on string theory and black holes in five dimensions has made the quark-gluon plasma 

an archetypical strongly coupled quantum system. Open questions about the structure and 
theory of the quark-gluon plasma are under active investigation. Many of the insights are also 
relevant to ultracold fermionic atoms and strongly correlated condensed matter. 


uclear matter in today’s uni- 
verse hides inside atomic 
nuclei and neutron stars. The 


nucleons (neutrons and protons) 
are the building blocks of such mat- 
ter and consist, in turn, of quarks. 
Quarks are bound together by the 
strong interaction, which is mediated 
by the exchange of gluons. Unlike 
the uncharged photons, which me- 
diate electromagnetic interactions 
but do not interact with one anoth- 
er, gluons have color, which is the 
strong interaction’s analog of charge. 
Colored gluons interact among them- 
selves, as well as with the quarks, 
making the theory of the strong in- 
teraction, known as quantum chro- 
modynamics (QCD), rich in structure 
and at the same time extremely dif- 
ficult to solve. 

Remarkably, the strong interac- 
tion weakens at short distances—a 
property known as “asymptotic free- 
dom” (/, 2). Conversely, it is exceed- 
ingly strong at distances similar to 
the size of a nucleon (10°!° m), con- 
fining quarks inside nucleons and 
other quark-containing particles, 
known as hadrons. Asymptotic free- 
dom suggests that nucleons can be 
“boiled” into a plasma of their con- 
stituent quarks and gluons when 
the strong interaction among them 
is weakened by increasing the den- 
sity or temperature of the matter. 
Today, quarks are confined in nu- 
clei and neutron stars, which are 
cold objects, but the early universe 
was extremely hot (3). Its temperature exceeded 
150 MeV (about 2 x 10'* K) until about 10 us 
after the Big Bang, and QCD predicts that such 
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Baryon density 


Fig. 1. Phase diagram of QCD matter in the temperature—baryon density plane. 
Baryons are hadrons containing three valence quarks; the most common are 
protons and neutrons, shown at the lower left. Colored spheres indicate 
individual quarks, which are not bound together in the quark-gluon plasma. 
RHIC (blue ovals) and LHC (green oval) explore matter with almost equal 
numbers of quarks and antiquarks. At lower beam energies, RHIC produces 
matter with a surplus of quarks, corresponding to high net baryon density. 
There may be a critical point (yellow circle) in the phase diagram, at the end 
of a line indicating a first-order phase transition. [Credit: Brookhaven National 
Laboratory] 


conditions are sufficient for the quark-gluon plas- 
ma (QGP), to exist (Fig. 1). 

Understanding the evolution of our universe 
thus requires knowledge of the structure and 
dynamics of the QGP. Although numerical ab 
initio simulations of the thermodynamic prop- 
erties of hot QCD matter in equilibrium have 
made much progress over the past 30 years (4), 
the dynamical properties of the QGP remain out 
of reach. Experimental study of hot QCD matter 


can fill this gap by colliding heavy nuclei at high 
energies and generating the enormous temper- 
atures required to produce QGP in the labora- 
tory, if only for a brief moment. 


Discoveries of the Past Decade 


The Relativistic Heavy Ion Collider (RHIC) at 
Brookhaven National Laboratory has explored 
the QGP since 2000. RHIC collides two beams of 
heavy ions, each with an energy up to 100 GeV 
per nucleon. Proton-proton (p+p) and deuteron- 
gold (d+Au) collisions provide control measure- 
ments without QGP formation. At top energy, 
the initial temperature reached in collisions be- 
tween two gold nuclei is inferred to 
lie between 300 and 600 MeV (5), 
well above the QCD phase-transition 
temperature of ~150 MeV (6). RHIC 
is a flexible, dedicated facility collid- 
ing a wide range of nuclei at various 
energies. This allows exploration of 
the phase diagram of QCD matter to 
experimentally pinpoint the conditions 
for the phase transition into QGP. 

Today, two large experiments built 
and maintained by international col- 
laborations of scientists, PHENIX 
and STAR (Fig. 2), continue to oper- 
ate whereas two smaller experiments, 
BRAHMS and PHOBOS, have com- 
pleted data taking. Each experiment 
was optimized for a different set of 
experimental observables, but com- 
mon capabilities allow crucial cross 
checks. Together, PHENIX and STAR 
use two kinds of plasma probes (7—//). 
Internal probes are particles emitted 
from the plasma itself. “External” 
probes are not external in the usual 
sense; they are energetic particles 
generated in the first stage of the 
collision, which traverse the plasma 
and interact with it on their way to 
the detectors. 

Most of the observed particles 
are hadrons. Their spectra are well 
described by a thermal distribution 
blue-shifted by radial expansion of 
the plasma. Particle correlations re- 
flect an anisotropic collective flow, 
known as “elliptic flow.” They exhibit 
a cos(2o) modulation in their azi- 
muthal angular distribution with 
respect to the direction of the impact- 
parameter vector between the two colliding ions 
(2). The amplitude of elliptic flow grows with 
increasing impact parameter because the overlap 
region of the incoming nuclei becomes more asym- 
metric (Fig. 3, left). The dynamics within the plasma 
as it expands translate the spatial asymmetry of 
the initial state into a final-state anisotropy in mo- 
mentum space. Higher Fourier components of the 
angular distribution are also observed in the cor- 
relation data; these arise primarily from fluctua- 
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tions in the initial positions of the nucleons within 
the nucleus (Fig. 3, right). 

The behavior of gases or liquids is often sim- 
ulated using hydrodynamics. Indeed, hydrody- 
namics successfully reproduces the magnitude 
and impact parameter dependence of elliptic 
flow (13, /4). Surprisingly, the most faithful match 
to the data requires a nearly vanishing ratio of the 
shear viscosity (the resistance to flow or the in- 
ability of matter to transport momentum) to the 
entropy density, implying that the QGP is an al- 
most ideal or “perfect” liquid. Including density 
fluctuations in the initial conditions of the hydro- 
dynamical simulations also reproduces the high- 
er harmonics with the same low shear viscosity 
(15-17). 

Quantum mechanics imposes a lower limit of 
the shear viscosity n for a given particle density 
by virtue of the uncertainty relation. For relativ- 
istic fluids like the QGP, which do not conserve 
particle number, the appropriate measure of den- 
sity is the entropy density s. Constraining hydro- 
dynamics calculations with the full suite of flow 
data (/8) shows that n/s = (1-2)h/4nkg, close 
to the quantum limit 4/4nkg (19-21). Low shear 
viscosity per particle indicates correlations or co- 
ordination within the QGP. Gases have very weak- 
ly correlated constituents, whereas the molecules 
in crystals move in a highly coordinated manner. 
Liquids fall in between the two, exhibiting the 
lowest shear viscosities and flowing freely, as 
does the QGP. 


The opacity of the QGP is measured with ex- 
ternal probes. During initial interpenetration 
of the two nuclei, quark and gluon constituents 
(partons) can scatter with a large momentum 
transfer, deflecting the struck quarks or gluons 
by a large angle. These transit the plasma, losing 
energy to it. As partons cannot exist in isolation, 
they ultimately radiate multiple gluons, and the 
resulting parton cluster forms a spray of hadrons 
known as a “Jet.” In the absence of QGP, this pro- 
cess is calculable and can be measured in pt+p 
collisions. RHIC experiments with Aut+tAu showed 
that energetic hadrons in the jet are suppressed 
relative to the production rate in p+p collisions 
(22, 23). Back-to-back jets of moderate energy 
disappear entirely (24). Photons do not experi- 
ence the strong interaction (Fig. 4A) and are ob- 
served to exit the plasma unscathed (25). The 
success of hydrodynamics with vanishingly small 
1/s, together with the observed high opacity, show 
that QGP cannot be the weakly coupled gas naive- 
ly expected from asymptotic freedom. Kinetic the- 
ory associates a small shear viscosity with a short 
mean free path, implying high opacity. A short 
mean free path also requires strong coupling, 
because the scattering cross section is propor- 
tional to the coupling strength. 

First results from Pb+Pb collisions at nearly 
14 times higher energy at the Large Hadron Col- 
lider (LHC) confirm the physics picture derived 
from RHIC data (26). The initial temperature at 
LHC is ~30% higher. Hydrodynamical model 
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fits indicate nearly the same 1/s ratio as at RHIC 
(27); the hotter QGP produced at LHC is also 
strongly coupled. Jet quenching measurements at 
LHC extend the kinematic range by a factor of 5. 
They are consistent with a linear, or slightly slower, 
gowth of the opacity with matter density. The 
LHC’s higher energy produces higher-energy jets, 
which simplifies reconstruction of complete jet ob- 
servables. Clusters of energy corresponding to back- 
to-back jets are clearly visible in Fig. 4B (28). The 
data reveal that even very energetic jets lose a siz- 
able fraction of their energy to the medium, where it 
appears to thermalize rapidly. Analysis of jet shapes 
and particle content help constrain the mechanism 
of the parton-QGP interaction. The yields of D and 
B mesons, which contain heavy quarks, are also 
much larger at LHC. Furthermore, the Z boson 
becomes available as a new electroweak probe 
of the QGP. First, statistically limited, results for 
these “external” probes can be reproduced rea- 
sonably well by extrapolation from RHIC. 


Theoretical Tools 


Key theoretical tools to describe QGP properties 
and predict experimental observables are lattice 
gauge theory and transport theory. Lattice gauge 
theory is an ab initio formalism that simulates 
the partition function of QCD on a space-time 
lattice. Advances in algorithms and computer 
hardware now permit simulations with physical 
quark masses on lattices that are simultaneously 
large and fine enough to be safely extrapolated 


Fig. 2. (A) The STAR detector has a time-projection chamber (TPC), which is es- 
sentially a three-dimensional digital camera to record trajectories of particles 
produced in each collision. Surrounding detectors identify hadrons and tag high- 
momentum electrons. STAR has large acceptance and is thus well suited to study 
multiparticle correlations and collisions at lower energies. (B) The PHENIX detector 


has two spectrometers to measure photons, electrons, and hadrons at angles near 
90°; one is visible at left (Spec.). There are also two muon spectrometers in the 
beam direction; these detect decays of hadrons containing charm and bottom 
quarks. A sample event display is shown on the right side of each detector. [Credit: 
Brookhaven National Laboratory] 
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Elliptic flow 


Fig. 3. Elliptic (left) and triangular (right) flow patterns arise from the locations of individual nucleons at the 
instant when two nuclei interpenetrate. The nucleons of one nucleus are shown in yellow and the other in orange. 
Red indicates those nucleons in the overlap region, which actually collide. (Left) Adapted with permission from 
figure 1 in (56) [Copyrighted by the American Physical Society]. (Right) Adapted with permission from figure 3 in 


Triangular flow 


(57). [Copyrighted by the American Physical Society] 


to the thermodynamic and continuum limits (29). 
The equation of state of hot QCD matter and cor- 
relation functions, such as the screening distance 
of the color force, are now within reach. However, 
reliable calculations in lattice QCD are still limited 
to static properties, severely restricting our abil- 
ity to address transport properties of the QGP. 
Transport theory describes the conversion of 
the gluon fields in the incoming nuclei into thermal 
QCD matter, the explosive expansion of the QGP, 
and finally its disassembly into hadrons. A standard 
scenario of distinct reaction stages has emerged 
(30). In the first stage, gluons are liberated and form 
a dense system of nonlinearly coupled fields, 
known as the glasma. The second stage, the rapid 
expansion of the hot QGP, is effectively described 
by relativistic hydrodynamics with small viscous 
effects. After the matter cools below 150 MeV, its 
final expansion and freeze-out can be described by 
kinetic theory for hadrons. Whereas the experi- 
mental data provide solid evidence for the validity 
of the description of stages 2 and 3, experimental 
exploration of the glasma phase is just beginning. 
Physicists were astounded to find that an en- 
tirely different approach, using dualities that relate 
QCD at strong coupling with weakly coupled 
gravitational theories, can yield insights into the 
dynamical properties of quantum inviscid liquids. 
The duality of string theory in anti-de Sitter (AdS) 
space with conformal quantum field theory (CFT) 
provides an exact description of some strongly cou- 
pled systems. The formalism, known as AdS/CFT 
correspondence (3/, 32), holographically maps 
the intractable strongly coupled quantum field 
theory onto a solvable classical gravity theory in 
five dimensions. Thermalization of the quantum 
field appears as formation of a black hole in the 
gravity dual theory. Although the formalism is ex- 
act only in the limit of an infinite number of colors 
and at strong coupling, it is believed that for many 
quantities of interest the three colors of QCD can 
be considered as a large number. Lattice gauge 


theory (33, 34) provides compelling evidence for 
this conjecture. The gravity dual description offers 
an explanation of how a strongly coupled plasma 
of gauge fields can reach thermal equilibrium so 
rapidly and why hydrodynamics furnishes a re- 
liable description even at strong coupling, when 
kinetic theory fails. Unfortunately, the coupling 
of true QCD is not as strong as would be required 
for rigorous application of the AdS/CFT duality. 
At the moment no gravity dual for true QCD is 
known, and it is unknown whether one exists. 


Interconnections 


Understanding strongly coupled or strongly cor- 
related systems is at the intellectual forefront of 
multiple subfields of physics. One example is 
ultracold fermionic atoms, such as °Li, where ap- 
plication of a magnetic field excites a strong res- 
onance. When confined in an atomic trap, these 
atoms form a degenerate Fermi liquid, which can 
be manipulated and studied in detail (35). At 
temperatures below ~0.1 uk, the atoms inter- 
acting via the resonance form a superfluid (36). 
The shear viscosity n and the entropy density s 
for this system can be measured separately, show- 
ing that n/s falls with decreasing temperature. At 
very low temperatures, it approaches about four 
times the universal quantum limit (37), only twice 
as large as the value deduced for the QGP. 

Strongly correlated electron systems in con- 
densed matter provide an example of strong cou- 
pling where the elementary interaction is not 
strong, but its role is amplified by the large num- 
ber of interacting particles and their ability to 
dynamically correlate their quantum wave func- 
tions. Surprisingly, holographic gravity duals have 
also helped to provide simple descriptions of 
such complex systems (38, 39). 

Strongly coupled systems in conventional plas- 
ma physics include warm, dense matter and dusty 
plasmas (40) residing in astrophysical environ- 
ments, such as the rings of Saturn, and in ther- 


monuclear fusion. In these plasmas, 
the ratio r of potential to kinetic 
energy is large, implying strong 
coupling; at sufficiently large r, 
such plasmas can even crystallize. 
The shear viscosity exhibits a min- 
imum at a certain value of 7, where 
the dominant mechanism of mo- 
mentum transport changes from 
ballistic quasiparticle motion to 
some form of collective transport. 

An advantage of QCD matter 
over other strongly coupled sys- 
tems is that the interaction is well 
defined. The QGP thus offers a 
chance to understand how a strong- 
ly coupled fluid emerges from a 
microscopic theory that is pre- 
cisely known. The strongly cou- 
pled QGP is also the only known 
relativistic liquid. Its structure is 
not dominated by repulsive inter- 
actions, so it challenges the tradi- 
tional concept of a liquid. However, the high 
temperature of the QGP, combined with the fun- 
damental nature of the QCD interaction, per- 
mits ab initio techniques to address equilibrium 
properties of hot QCD matter without any mod- 
el assumptions or approximations. The rapidly 
expanding capabilities to perform definitive cal- 
culations of this kind enable newly rigorous 
comparisons between the theory of strongly cou- 
pled systems and experiment. 


Open Questions and Challenges 


The surprising experimental results present an en- 
tirely new set of questions about the QGP. Roughly 
following the time development of heavy ion col- 
lisions, one must now ask: What is the nature of 
QCD matter at low temperature but high density, 
and how does it affect plasma formation? How 
can the plasma thermalize so rapidly? Does it ex- 
hibit novel symmetry properties along the way? 
The QCD plasma is strongly coupled, but at what 
scales? Does it contain quasiparticles, or does the 
strong coupling completely wipe out long-lived 
collective excitations? What impact does the cou- 
pling have on color screening? Is there a charac- 
teristic screening length, and if so, what is it? What 
is the mechanism for parton-plasma interactions, 
and how does the plasma respond to energy de- 
posited in it? 

Gravity dual calculations show that thermal- 
ization propagates at the speed of light and all 
anisotropies disappear quickly in the strong cou- 
pling limit (4/7, 42). Plasma instabilities may play 
a role. The microscopic structure of the strongly 
coupled QGP is still poorly understood; in the 
gravity dual picture, no quasiparticles exist ex- 
cept phonons. Lattice simulations confirm that 
the quantum numbers associated with quarks— 
baryon number, electric charge, and flavor—are 
carried by elementary, quarklike constituents at 
temperatures above the critical temperature for 
QGP formation, 7. However, they are unable to 
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address the dynamic response of the plasma and 
provide no information about the presence or 
absence of propagating quasiparticles. Energy 
loss of heavy quarks is sensitive to the spectrum 
of excitations of the QGP and may provide a 
handle on quasiparticles and their properties. 
Photons and leptons should preserve imprints 
of the early stages of the collision. 

Shear viscosity and speed of sound are two 
important indicators of the microscopic structure 
of any material. The viscosity probes how the 
constituents of the material are coupled, whereas 
the speed of sound is sensitive to both the mass 
of the constituents and the strength of their in- 
teraction. Because strongly coupled theories do 
not allow particle-like excitations, the very na- 
ture of the plasma constituents is a question. A 
promising way to measure both quantities in the 
QGP is by systematic studies of the response 
of the matter to initial density fluctuations. 


contain bottom quarks. The small size of these 
mesons enables their existence in QGP because 
screening occurs only at larger distance scales. 
Quarkonia have different excited states with vary- 
ing binding energies; loosely bound, larger states 
are easier for the QGP to screen. Indeed, suppres- 
sion of charm quarkonia (charmonia) in QGP, 
compared to p+p collisions, has already been ob- 
served (47—5/). It should be possible to infer the 
color screening scale with spectroscopy of differ- 
ent quarkonium states as a function of beam en- 
ergy, Meson momentum, and the emission angle 
with respect to the beam. Untangling initial state 
effects on heavy quark production and final state 
effects, which can re-form bound states, requires 
control measurements in (p or d)+nucleus colli- 
sions, along with theoretical study of color screen- 
ing in an expanding plasma. 

Highly energetic partons created in the initial 
phase of the collision lose energy as they pass 
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discriminate between radiative and collisional 
energy loss. Because little difference has been 
found in the suppression of light and heavy 
(mostly charm) quarks (52), separating the charm 
quark from the even heavier bottom quark is a 
key experimental goal. 


The Look Ahead at RHIC and LHC 


Recent RHIC upgrades have increased both the 
luminosity and the range of particle species avail- 
able. Higher luminosity makes rare probes, such 
as jets and hadrons containing c and b quarks, 
more accessible. PHENIX and STAR are being 
upgraded with state-of-the-art silicon microvertex 
detectors to enable precise measurements of heavy 
quarks by tagging their decays. These will allow 
separation of the charm quark from the bottom 
quark, which is three times heavier and should 
sail right through the QGP. A new ion source at 
RHIC provides additional beam species, such as 


Jet 0, pt: 205.1 GeV 


Fig. 4. (A) Ratio of particle yield in Au+Au to p+p collisions by PHENIX at 
RHIC, as a function of particle momentum transverse to the beam direction. 
Data from (25) and adapted with permission from (52, 58) [Copyrighted by 
the American Physical Society]. The emission of pions and electrons from the 
decay of heavy quarks is strongly suppressed in Au+Au, whereas photon 
emission is not suppressed. The suppression of hadrons is a measure of the 
color opacity of the QGP. (B) The cartoon illustrates energy measured in the jet 
cone on each side of a dijet, along with energy deposit into the QGP, shown as 


a green shape. The black arrows indicate the path of the energetic partons that 
create the two jets. The rest of the figure depicts a Pb+Pb event display at LHC 
from the Compact Muon Solenoid (CMS) (28) [Credit: CMS Collaboration; 
reprinted with permission from https://twiki.cern.ch/wiki/bin/view/CMSPublic/ 
HlEventDisplays]. The angular distribution of energy emitted has been unfolded 
onto a plane; the height of the peaks is proportional to the amount of energy 
observed. The Pb beams enter perpendicular to the page. This event was trig- 
gered by the jet on the right, and a large energy loss by the jet on the left is seen. 


In the QGP, color is screened, akin to the elec- 
tromagnetic Debye screening observed in conven- 
tional plasmas. Lattice QCD shows that above 
T., screening of color is incomplete (43-45); par- 
tial screening is characteristic of strongly coupled 
plasmas (46). Screening in the QGP can be probed 
experimentally by measuring the survival rate of 
heavy quark bound states. Charm or bottom quarks 
are produced in pairs, which sometimes remain 
bound and are detected as heavy mesons called 
quarkonia. The mesons called JAy and w’ are com- 
posed of charm quarks, the Upsilon mesons (Y) 


through by exciting modes of the medium (col- 
lisional energy loss) or by radiating off gluons 
(radiative energy loss). The second mechanism, 
akin to bremsstrahlung of photons by electrons 
passing through matter, becomes less effective 
as the mass of the parton increases. In a weakly 
coupled medium, thermalization of deposited en- 
ergy occurs through a cascade of collisions among 
quarks and gluons in the plasma; in a strongly 
coupled medium, the energy is dissipated directly 
into thermal excitations and sound waves. Mea- 
surements of quarks with different mass should 


the highly deformed uranium nucleus. U+U colli- 
sions, along with asymmetric beam combinations, 
offer novel ways to control the nuclear geometry, 
and thus the path length, for probes transiting the 
QGP. Excitation functions for rare probes can 
now be used to study predicted features of the QCD 
matter phase diagram. These measurements, along 
with RHIC’s polarized proton-proton collisions, 
will systematically test theoretical models, pro- 
vide benchmarks to isolate the effects of hot QCD 
matter on observables, and map the parton struc- 
ture of nuclei in the relevant kinematic range. 
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The wide range of beam energies available 
at RHIC also makes it possible to explore the 
phase diagram of QCD matter at higher baryon 
densities, because nucleons are partially stopped 
in collisions at lower energies (53). According 
to some predictions, the transition between had- 
ron and quark matter becomes of first order 
beyond a critical point in the phase diagram. The 
results from an exploratory beam energy scan, 
which hopes to locate this critical point by search- 
ing for the signatures of critical fluctuations, are 
expected soon. Higher beam luminosities will 
greatly increase the sensitivity of future searches. 

The upgrades already under way at RHIC 
will answer some of the questions posed in the 
preceding section. Fully exploiting the versatil- 
ity and luminosity of RHIC requires further de- 
tector capabilities. Accessing the early dynamics 
calls for measuring photons over a larger range 
of angles, as well as the flow patterns of those 
photons. Quantifying the color screening length 
entails precise measurements of heavy quarkonia 
over a large acceptance, as a function of the mass, 
momentum, binding energy, path length through 
the plasma, and initial temperature of the sys- 
tem. Disentangling initial- and final-state effects 
on bound-state formation implies comparably 
sized sets of nucleon-nucleus collision data. To 
pin down the role of gluons in the nuclear wave 
function (54), forward angle detectors for photons, 
leptons, and hadrons are necessary. To determine 
the jet energy loss mechanism, full reconstruc- 
tion of moderate energy jets, which radiate par- 
tons near the QGP scale, will be indispensable. 
Measurement of the energy redistribution in the 
medium-modified jets coupled with modeling of 
energy and particle flow will help tease the dif- 
ferent mechanisms apart. RHIC is the ideal fa- 
cility to do this, whereas the higher-energy jets 
at LHC yield the parton energy dependence of 
the jet-QGP interaction. 

The LHC data will provide stringent tests of 
jet quenching theory complementary to those at 
RHIC—for example, via the momentum depen- 
dence of heavy quark energy loss, which is pre- 
dicted to be different in strongly and weakly 
coupled regimes of the QGP. The higher beam 
energy at LHC makes the rate of rare probes 
much higher than at RHIC. This opens a larger 
kinematic range for hadrons, photons, and b quarks 
and accesses new probes such as the Z boson. 
Study of hadrons inside jets energy is determined 
by an opposing Z boson will provide new con- 
straints on the parton-medium interaction. 

The higher energy density reached at LHC 
should lead to stronger color screening and thus 
to larger suppression of heavy quark bound states. 
This effect may be overwhelmed by coalescence 
of heavy quarks into such states when the QGP 
converts back into hadrons; coalescence should 
be more prominent at LHC than at RHIC be- 
cause more heavy quark pairs are produced in 
each collision. High statistics spectroscopy of the 
Y states will allow comparison of color screening 
in QGP at different temperatures. 


Challenging theoretical advances, including 
higher-order jet calculations and effective theo- 
ries for heavy quarks that connect lattice simula- 
tions with transport processes, are needed to extract 
reliable values for the energy loss parameters and 
the color screening length in the plasma from 
high-precision data. Major numerical advances 
will be required to solve the transport equations 
describing rapid formation of an equilibrated 
QGP. Development of an exact gravity dual of 
QCD would enable realistic calculations of dy- 
namical processes in the strong coupling limit. 
So-called “stringy” corrections for finite num- 
bers of colors would allow bracketing the real- 
world regime of intermediate coupling from both 
sides. Such advances will not only elucidate the 
physics of the QGP but also address intellectual 
challenges of strong coupling in many areas of 
physics. The successes and limitations of the string 
theory—based approach suggest opportunities for 
the development of novel mathematical tech- 
niques applicable to strongly coupled systems. 

Exploration of hot QCD matter has made 
enormous progress during the past decade. Ex- 
periments have discovered a new high-temperature 
phase, the strongly coupled QGP, which persists 
to the highest temperature probed. Surprising 
features of the QGP include near-perfect fluidity 
and extreme opaqueness to all colored probes. 
The rapid development of theoretical and exper- 
imental tools promises quantitative insights into 
the still mysterious properties of the QGP during 
the coming decade. These will also inform the 
study of other strongly coupled systems in nature 
and in the laboratory. 


References and Notes 

1. D. J. Gross, F. Wilczek, Phys. Rev. Lett. 30, 1343 (1973). 

2. H. D. Politzer, Phys. Rev. Lett. 30, 1346 (1973). 

3. E. W. Kolb, M. S. Turner, The Early Universe (Redwood 
City, Addison-Wesley, 1988). 

4. P. Petreczky, Nucl. Phys. A. 830, 11c (2009). 

5. A. Adare et al.; PHENIX Collaboration, Phys. Rev. C Nucl. 
Phys. 81, 034911 (2010). 

6. S. Borsdnyi et al., J. High Energy Phys. 2010, 77 
(2010). 

7. |. Arsene et al.; BRAHMS Collaboration, Nucl. Phys. A. 

757, 1 (2005). 

8. K. Adcox et al.; PHENIX Collaboration, Nucl. Phys. A. 

757, 184 (2005). 

9. B. B. Back et al.; PHOBOS Collaboration, Nucl. Phys. A. 

757, 28 (2005). 

10. J. Adams et al.; STAR Collaboration, Nucl. Phys. A. 757, 


102 (2005). 

11. B. Miller, J. L. Nagle, Annu. Rev. Nucl. Part. Sci. 56, 
93 (2006). 

12. K. H. Ackermann et al., Phys. Rev. Lett. 86, 402 
(2001). 


13. P. F. Kolb, P. Huovinen, U. Heinz, H. Heiselberg, 

Phys. Lett. B 500, 232 (2001). 

14. D. Teaney, J. Lauret, E. V. Shuryak, Phys. Rev. Lett. 86, 
4783 (2001). 

15. B. Schenke, S. Jeon, C. Gale, Phys. Rev. C Nucl. Phys. 85, 
024901 (2012). 

16. M. Luzum, J. Phys. G 38, 124026 (2011). 

17. A. Adare et al.; PHENIX Collaboration, Phys. Rev. Lett. 
107, 252301 (2011). 

18. H. Song, S. A. Bass, U. Heinz, T. Hirano, C. Shen, 
Phys. Rev. Lett. 106, 192301 (2011). 

19. P. Danielewicz, M. Gyulassy, Phys. Rev. D Part. Fields 31, 
53 (1985). 


20. P. K. Kovtun, D. T. Son, A. O. Starinets, Phys. Rev. Lett. 
94, 111601 (2005). 

21. The Kovtun-Son-Starinets bound (20) has been found 
to be violated in certain strong coupled gauge theories 
[see (55)]. It would be interesting to determine whether 
the quark-gluon plasma produced in experiments violates 
this bound. 

22. K. Adcox et al.; PHENIX Collaboration, Phys. Rev. Lett. 88, 
022301 (2002). 

23. J. Adams et al.; STAR Collaboration, Phys. Rev. Lett. 91, 
172302 (2003). 

24. C. Adler et al., Phys. Rev. Lett. 90, 082302 (2003). 

25. S. Afanasiev et al., PHENIX Collaboration, Measurement 
of direct photons in Au + Au collisions at /Sjyy= 200 
GeV, arXiv:1205.5759 [nucl-ex] 

26. B. Miller, J. Schukraft, B. Wyslouch, First Results from Pb-+Pb 
collisions at the LHC, arXiv:1202.3233 [hep-ex]. 

27. H. Song, S. A. Bass, U. Heinz, Phys. Rev. C Nucl. Phys. 
83, 054912 (2011). 

28. S. Chatrchyan et al.; CMS Collaboration, Phys. Rev. C 
Nucl. Phys. 84, 024906 (2011). 

29. S. Borsdnyi et al.; Wuppertal-Budapest Collaboration, 

J. High Energy Phys. 2010, 73 (2010). 

30. H. Petersen, J. Steinheimer, G. Burau, M. Bleicher, 

H. Stdcker, Phys. Rev. C Nucl. Phys. 78, 044901 (2008). 

31. J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998). 

32. O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, 
Y. Oz, Phys. Rep. 323, 183 (2000). 

33. M. Panero, Phys. Rev. Lett. 103, 232001 (2009). 

34. S. Datta, S. Gupta, Phys. Rev. D Part. Fields Gravit. 
Cosmol. 82, 114505 (2010). 

35. K. M. O'Hara, S. L. Hemmer, M. E. Gehm, S. R. Granade, 
J. E. Thomas, Science 298, 2179 (2002). 

36. J. Kinast, S. L. Hemmer, M. E. Gehm, A. Turlapov, 

J. E. Thomas, Phys. Rev. Lett. 92, 150402 (2004). 

37. C. Cao et al., Science 331, 58 (2011). 

38. S. Sachdev, Annu. Rev. Con. Mat. Phys. 3, 9 (2012). 

39. S. Hartnoll, Science 322, 1639 (2008). 

40. C. L. Chan et al., Dusty plasma liquids, arXiv:physics/ 
0410042 [physics.plasm-ph]. 

41. V. Balasubramanian et al., Phys. Rev. Lett. 106, 191601 


(2011). 

42. P.M. Chesler, L. G. Yaffe, Phys. Rev. Lett. 106, 021601 
(2011). 

43. M. Asakawa, T. Hatsuda, Phys. Rev. Lett. 92, 012001 
(2004). 


44. S. Datta, F. Karsch, P. Petreczky, |. Wetzorke, Phys. Rev. D 
Part. Fields Gravit. Cosmol. 69, 094507 (2004). 

45. H.-T. Ding et al., Proc. Sci. LATTICE 2010, 180 (2010); 
http://pos.sissa.it/archive/conferences/105/180/ 
Lattice%202010_180.pdf. 

46. D. Sarmah, M. Tessarotto, M. Salimullah, Phys. Scr. 74, 
288 (2006). 

47. B. Alessandro et al.; NA5O Collaboration, Eur. Phys. J. C 
39, 335 (2005). 

48. A. Adare et al.; PHENIX Collaboration, Phys. Rev. C 
Nucl. Phys. 84, 054912 (2011). 

49. G. Aad et al.; ATLAS Collaboration, Phys. Lett. B 697, 294 
(2011). 

50. S. Chatrchyan et al., CMS Collaboration, J. High Energy 
Phys. 1205, 063 (2012). 

51. B. Abelev et al., ALICE Collaboration, J/y production at 
low transverse momentum in Pb-Pb collisions at \/Suwv = 
2.76 TeV, arXiv:1202.1383 [hep-ex]. 

52. A. Adare et al.; PHENIX Collaboration, Phys. Rev. Lett. 98, 
172301 (2007). 

53. B. I. Abelev et al.; STAR Collaboration, Phys. Rev. C Nucl. 
Phys. 81, 024911 (2010). 

54. L. McLerran, Nucl. Phys. A. 752, 355 (2005). 

55. Y. Kats, P. Petrov, J. High Energy Phys. 2009, 044 
(2009). 

56. B. Alver et al., Phys. Rev. C Nucl. Phys. 77, 014906 
(2008). 

57. B. Alver, G. Roland, Phys. Rev. C Nucl. Phys. 81, 054905 
(2010). 

58. A. Adare et al.; PHENIX Collaboration, Phys. Rev. Lett. 
101, 232301 (2008). 


Acknowledgments: This work was supported by grants from 
the U.S. Department of Energy. 


10.1126/science.1215901 


20 JULY 2012, VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on July 19, 2012 


2.8 Million Years of Arctic Climate 
Change from Lake El’gygytgyn, 


NE Russia 
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The reliability of Arctic climate predictions is currently hampered by insufficient knowledge of 
natural climate variability in the past. A sediment core from Lake El’gygytgyn in northeastern 
(NE) Russia provides a continuous, high-resolution record from the Arctic, spanning the past 

2.8 million years. This core reveals numerous “super interglacials” during the Quaternary; for 
marine benthic isotope stages (MIS) 11¢ and 31, maximum summer temperatures and annual 
precipitation values are ~4° to 5°C and ~300 millimeters higher than those of MIS 1 and 5e. 
Climate simulations show that these extreme warm conditions are difficult to explain with 
greenhouse gas and astronomical forcing alone, implying the importance of amplifying feedbacks 
and far field influences. The timing of Arctic warming relative to West Antarctic Ice Sheet 
retreats implies strong interhemispheric climate connectivity. 


mented and predicted to be most pro- 
nounced in the Arctic, a region that plays a 
crucial, but not yet well-understood role within 
the global climate system (/). Reliable climate 
projections for high northern latitudes are, how- 
ever, hampered by the complexity of the under- 
lying natural variability and feedback mechanisms 
(2, 3). To date, information concerning the nat- 
ural climate variability in the Arctic is widely 
restricted to the last glacial/interglacial cycle, the 
period covered by the longest ice-core records 
from the Greenland ice cap (4). A limited number 
of records extend deeper in time, from both the 
marine realm (5) and the Arctic borderland (6), 
but these records are restricted in terms of age 
control and temporal resolution. 
Here, we present a time-continuous and high- 
resolution record of environmental history from 
the Arctic spanning the past 2.8 million years (My) 


T™ effects of global warming are docu- 
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from Lake El’gygytgyn, located ~100 km to the 
north of the Arctic Circle in northeastern Russia 
(67.5°N, 172°E) (Fig. 1). The length, temporal con- 
tinuity, and centennial- to millennial-scale temporal 
resolution (Fig. 2 and supplementary materials) 
provide a detailed view of natural climatic and en- 
vironmental variability in the terrestrial Arctic, a 
better understanding of the representative nature 
of the last climate cycle for the Quaternary, and 
insight into how sensitively the terrestrial Arctic 
reacts to a range of forcing mechanisms. 

Lake setting, drilling, and core analyses. 
Lake El’gygytgyn is located in a meteorite im- 
pact crater formed 3.58 million years ago (Ma) 


Fig. 1. Location of Lake 
El’gygytgyn in northeast- 
ern Russia (inserted map) 
and schematic cross-section 
of the El’gygytgyn basin 
stratigraphy showing the 
location of ICDP sites 
5011-1 and 5011-3. At 
site 5011-1, three holes 
(1A, 1B, and 1C) were 
drilled to replicate the 
Quaternary and upper- 
most Pliocene sections. 
Hole 1C further pene- 
trated through the remain- 
ing lacustrine sequence 
down to a 318-m depth 
and then ~200 m into 
the impact rock sequence 
underneath. Lz1024 is a 
16-m-long percussion pis- 
ton core taken in 2003 
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(7). The 170-m-deep lake has a bowl-shaped mor- 
phology with a diameter of ~12 km, a surface 
area of 110 km”, and a relatively small catchment 
of 293 km? (8). The modern continental Arctic 
climate produces herb-dominated tundra in the 
catchment, 9 months per year of lake-ice cover, 
and oligotrophic to ultra-oligotrophic conditions 
in the lake. Low productivity in combination 
with complete overturning of the water column 
during the ice-free period in summer leads to well- 
oxygenated bottom waters throughout the year. 

Scientific deep drilling was performed in the 
El’ gygytgyn Crater in winter 2008/2009 (9). We 
used advanced high-resolution (logging/scanning) 
technologies and standard techniques to investi- 
gate the core composite from site 5011-1 (Fig. 1) 
of the International Continental Scientific Drill- 
ing Program (ICDP) for lithology as well as se- 
lected physical, chemical, and biological proxies 
(10). According to the age model (Fig. 2), which 
is based on magnetostratigraphy and tuning of 
proxy data to the regional insolation and global 
marine isotope stratigraphy (fig. S1), the upper 
135.2 m of the sediment record continuously 
represents the environmental history of the past 
2.8 My. To display the obtained data versus time 
(Fig. 3) we removed volcanic ashes and other 
event layers caused by mass movement deposits 
(10). Though highly varied in nature, the result- 
ant record of pelagic sedimentation consists of 
three dominant lithofacies (see supplementary 
materials). Climate and environmental interpre- 
tation of the pelagic sedimentation record is based 
on complementary biological and geochemical 
indicators, which show that distinct facies reflect 
end-member glacial/interglacial climatic condi- 
tions (9, 11). 

Glacial variability and proxies. Facies A is 
characterized by dark gray to black finely lam- 
inated (<5 mm) silt and clay and may contain 
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that fills the stratigraphic gap between the lake sediment surface and the top of drill cores 1A and 1B. 
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elongated sediment clasts of coarser grain sizes 
(fig. S2). This facies was deposited during times 
of heavy global marine isotopic values (/2) and 
low regional July insolation (Fig. 3, A, B, and D) 
(13). Facies A represents peak glacial conditions, 
when perennial lake ice persisted, requiring mean 
annual air temperatures at least 4 (+ 0.5)°C lower 
than today (/4). This resulted in a stagnant water 
column with oxygen-depleted bottom waters, as 
reflected by low Mn/Fe ratios (Fig. 3G) and mini- 
ma in magnetic susceptibility (MS) (Fig. 3E), 
indicating reducing conditions with magnetite dis- 
solution (see supplementary materials). Dark lami- 
nations along with maxima in the content of total 
organic carbon (TOC) (Fig. 3F) reflect the absence 
of bioturbation and enhanced preservation of or- 
ganic matter. Low Si/Ti ratios (Fig. 3H) and a ro- 
bust correlation between Si/Ti ratios and biogenic 
silica contents (see supplementary materials), how- 
ever, suggest relatively low primary production. 

Facies A first appears 2.602 to 2.598 Ma, dur- 
ing marine isotope stage (MIS) 104 (Fig. 3D), 
corresponding with pollen assemblages that indi- 
cate substantial cooling at the Pliocene/Pleistocene 
boundary (see supplementary materials). This 
cooling coincides with distinct climatic deterio- 
ration at Lake Baikal (/5) and may be associated 
with the poorly dated Okanaanean Glaciation 
in eastern Chukotka at the beginning of the Pleis- 
tocene (/6). On the other hand, the first occur- 
rence of facies A at Lake El’gygytgyn clearly 
postdates the onset of stratification across the 
western subarctic Pacific Ocean at 2.73 Ma, an 
event believed to have triggered the intensifi- 
cation of Northern Hemispheric glaciation (/7). 
Hence, the onset of full glacial cycles in central 
Chukotka cannot directly be linked to changes in 
thermohaline circulation in the Pacific. 

From the long-term succession of facies A 
(Fig. 3D) and Mn/Fe ratios (Fig. 3G), pervasive 
glacial episodes at Lake El’gygytgyn gradually 
increase in frequency from ~2.3 to ~1.8 Ma, even- 
tually concurring with all glacials and several 
stadials reflected globally in stacked marine iso- 
tope records (/2). The full establishment of glacial/ 
interglacial cycles by ~1.8 Ma at Lake El’ gygytgyn 
coincides well with enhanced glacial erosion in 
British Columbia (/8) and the onset of subpolar 
cooling in both hemispheres with an average 
bipolar temperature drop of 4° to 5°C due to the 
emergence of the tropical Pacific cold tongue 
(79). Nevertheless, this event clearly predates the 
mid-Pleistocene transition, when the dominance 
of 41 thousand years (ky) of obliquity was glob- 
ally replaced by the 100-ky cycle between 1.25 
and 0.7 Ma (20). 

Interglacial variability and proxies. Facies B 
is characterized by massive to faintly banded silt 
that is olive gray to brownish in color (fig. S2). 
This facies comprises the majority of sediment 
that accumulated in Lake El’gygytgyn during the 
past 2.8 My, representing 79% of the Quaternary 
history (Fig. 3D). Facies B reflects a wide range 
of glacial to interglacial settings and includes the 
style of modern sedimentation. As such, a sea- 


sonal ice cover promotes higher diatom produc- 
tivity, as indicated by high Si/Ti ratios (Fig. 3H 
and supplementary materials). In contrast, TOC 
content is low (Fig. 3F), suggesting high organic 
matter decomposition due to oxygenation of bot- 
tom waters as a consequence of wind- and density- 
driven mixing. Complete water-column ventilation 
is also indicated in the sediment colors, maxima 
in MS (Fig. 3E), and high Mn/Fe ratios (Fig. 3G). 
In addition, the lack of stratification indicates 
minor sediment homogenization by bioturbation. 

Facies C consists of reddish-brown silt-sized 
sediment with distinct fine laminations (<5 mm) 
(fig. S2). This facies is irregularly distributed in 
the record compared with facies A and B (Fig. 
3D). Facies C coincides with some periods of 
light values in the global marine isotope record 


and high regional July insolation (Fig. 3, A and 
B). The characteristics of facies C suggest that it 
represents particularly warm interglacials. High 
Mn Fe ratios (Fig. 3G) along with reddish-brown 
sediment colors imply well-oxygenated bottom 
waters. In contrast with facies B, however, the 
sediments are distinctly laminated. This is traced 
back to a combination of factors, including a par- 
ticularly high primary production in spring and 
summer and anoxic bottom water conditions dur- 
ing winter stratification under a seasonal ice cover, 
which excludes bioturbation despite annual oxy- 
genation. High primary production, presumably 
caused by a longer ice-free season and enhanced 
nutrient supply from the catchment relative to 
other interglacials, is indicated by exceptionally 
high Si/Ti ratios (Fig. 3H). Anoxic bottom water 
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Fig. 2. Age/depth model with resulting sedimentation rates for the ICDP 5011-1 core composite based on 
magnetostratigraphy and correlation between sediment proxy data, the LRO4 marine isotope stack (22), 
and regional spring and summer insolation (23). Initial first-order tie points are indicated by black 
diamonds; second- and third-order tie points are denoted by the blue curve. The red star marks the time of 
the impact inferred from *°Ar/??Ar dating (7) at 3.58 (0.04) Ma. Black and white bars denote normal and 
reversed polarity, respectively. Mass movement deposits and core gaps greater than 50 cm in thickness 
are indicated on the right y axis in gray and blue, respectively. mblf, meters below lake floor. 
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conditions during winter are implied by high TOC 
contents (Fig. 3F), reflecting high primary pro- 
duction and incomplete decomposition compared 
with facies B, and variable MS values (Fig. 3E), 
reflecting partial dissolution of magnetite. 

The described characteristics of facies C are 
most pronounced for MIS 11c, 31, 49, 55, 77, 87, 


Fig. 3. (A to H) (A) LRO4 
global marine isotope stack ) 


91, and 93 (red bars in Fig. 3), suggesting that 
these interglacials represent unusual “super in- 
terglacials” in the Arctic throughout the Quater- 
nary. The exceptional character of these interglacial 
conditions becomes evident based on a compar- 
ison of MIS 1 and 5e (facies B) with MIS 11c and 
31 (super interglacials of facies C), using addi- 
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tional biological proxies and pollen-based climate 
reconstructions (Fig. 3, I to L). 

Sediments formed in Lake El’gygytgyn dur- 
ing MIS 1 and Se have Si/Ti ratios only slight- 
ly higher than those formed during glacial and 
stadial conditions of MIS 2, 5d, and 6 (Fig. 3K). 
Pollen data show distinct increases in tree and 


(12) and (B) mean July in- 
solation for 67.5°N (13) for 
the past 2.8 My compared 
with (C) magnetostratigraphy, 
(D) facies, (E) magnetic sus- 
ceptibility, (F) TOC contents, 
(G) Mn/Fe ratios, and (H) 
SV/Ti ratios in the sediment re- 
cord from Lake El’gygytgyn 
(magnetic susceptibility and 
x-ray fluorescence data are 
smoothed using a 500-year 
weighted running mean to 
improve the signal-to-noise 
ratio). Super interglacials at 
Lake El’gygytgyn are high- 
lighted with red bars. (I to 
L) Expanded views into the 
interglacials MIS 1, 5e, 11c, 
and 31 and adjoining glacials/ 
stadials. (I) Reconstructed 
MTWM and (J) PANN based 
on the pollen spectra and 
best modern analog approach 
[modern values from (56)]. 
(K) Mean July insolation 
for 67.5°N (13) compared 
with El’gygytgyn Si/Ti ra- 
tios, smoothed by five-point 
weighted running mean. (L) 
Tree and shrub pollen per- Wh al 
centages compared with spruce 
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surface air temperatures (red 
and green dots) at the lo- 
cation of the lake are shown 
for comparison. The location 
of the dots relative to the x 
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GHG and orbital forcing used 
in each interglacial simula- 
tion (see supplementary ma- 
terials). Simulated modern 
and preindustrial tempera- 
tures are close to observed 
values, so model tempera- 
tures are not corrected for 
bias. The green dot indicates 
the results derived with a 
deglaciated Greenland and 
increased heat flux under Arc- 
tic Ocean sea ice by 8 Wm 2. 
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shrub pollen (Fig. 3L) and suggest that birch and 
alder shrubs dominated the vegetation (fig. S4). 
Pollen-based climate reconstructions (see supple- 
mentary materials) suggest that the mean temper- 
ature of the warmest month (MTWM; i.e., July) 
and the annual precipitation (PANN) during the 
peak of MIS 1 and Se were only ~1° to 2°C and, 
with one exception, ~50 mm higher than today, 
respectively (Fig. 3, I and J). 

This observation is consistent with temper- 
ature reconstructions for the Holocene thermal 
maximum, which indicate +1.6 (+0.8)°C warm- 
ing in the western Arctic (2/7) and +1.7 (+0.8)°C 
across the entire Arctic (3) relative to modern, con- 
firming that Lake El’gygytgyn records regional 
rather than just local climate change (/4). In con- 
trast, temperature reconstructions for the MIS Se 
thermal maximum are more variable, indicating 
+5 (£1)°C across the entire Arctic, albeit with 
smaller anomalies reconstructed for the Pacific 
sector (3, 22). The warmer climate across the 
Arctic during MIS 5e compared with MIS 1| is 
thought to have caused a size reduction of the 
Greenland Ice Sheet equivalent to 1.6 to 2.2 min 
global sea-level rise (23). 

Strongly enhanced primary productivity dur- 
ing the super interglacials MIS 11c and 31 com- 
pared with MIS 1 and 5e, as inferred from higher 
SvTi ratios (Fig. 3K), is associated with compa- 
rable maxima in tree and shrub pollen but is 
marked by distinct differences in pollen com- 
position (Fig. 3L and supplementary materials). 
For instance, substantial spruce pollen is present 
during MIS 11c and 31 but is missing during 
shrub-dominated MIS 1 and 5e interglacials. Ac- 
cording to the best modern analog (BMA; see 
supplementary materials) climate reconstruction, 
maximum MTWM and PANN were up to 4° to 
5°C and ~300 mm higher than those of MIS 1 and 
5e, respectively (Fig. 3, I and J). 

Sediment records of MIS 11 are rare in the 
Arctic, and their reconstructed temperature sig- 
nals are inconclusive (22). However, there are 
indications that the Greenland Ice Sheet was 
much smaller or even absent (24, 25), with forests 
covering at least South Greenland (26). Relative 
sea level may have been significantly higher than 
today (25, 27). Particularly warm conditions are 
also suggested by records from Lake Biwa (28), 
Lake Baikal (29), the mid-latitude Atlantic (30), 
and the Belize Reef (37) and may have been 
associated with megadroughts in the southwest- 
em United States (32). 

As yet, MIS 31 is not unambiguously re- 
corded in the Arctic, but it is known for substan- 
tial changes in and around Antarctica, including a 
southward shift of the subtropical front and warm- 
er waters in the Southern Ocean (33, 34) and the 
collapse of the West Antarctic Ice Sheet (WAIS) 
(35). In the Northern Hemisphere, the Plio/ 
Pleistocene Gubik Formation of northern Alaska 
includes at least five sea-level high stands as- 
sociated with episodes of warm climate and re- 
duced sea ice (36). One of these episodes, the 
Fishcreekian transgression, is now thought to 


have occurred ~1.2 Ma (37) and thus may be cor- 
relative with MIS 31. Another possibly correla- 
tive site is at Fosheim Dome on Ellesmere Island. 
This site includes terrestrial deposits dated to 
~1.1 Ma, which enclose fossil beetle (Coleoptera) 
assemblages, suggesting temperatures 8° to 14°C 
above modern values (38). 

Other Arctic sites potentially correlative with 
one or more of the older Early Pleistocene super 
interglacials recorded in Lake El’gygytgyn (Fig. 
3) include the Kap Keobenhavn Formation in 
northern Greenland, currently dated to ~2.4 Ma. 
At this time, sea ice was strongly reduced and 
forests reached the Arctic Ocean about 1000 km 
further to the north than today (39). Another can- 
didate is the balmy Bigbendian Transgression of 
the Gubik Formation dated to ~2.6 Ma (36). 

Interglacial forcings and feedbacks. Compar- 
ing the relative warmth of the Pleistocene inter- 
glacials recorded at Lake El’ gygytgyn (Fig. 31) in 
the context of orbital and greenhouse gas (GHG) 
forcing (40), we find that peak summer warmth 
during MIS Se and 31 corresponds to the con- 
gruence of high obliquity, high eccentricity, and 
precession aligning perihelion with boreal sum- 


mer. The net effect of this orbital configuration 
produces high-intensity summer insolation at the 
lake, >50 Wm ° greater than today (Fig. 3K). 
Similarly, peak warmth during MIS 1 and 11c 
also coincides with perihelion during boreal sum- 
mer, but lower eccentricity (and lower obliquity 
at MIS 11c) attenuates the effect of precession 
relative to MIS 5e and 31, making summer inso- 
lation forcing less intense, albeit longer in duration. 

GHG radiative forcing from a combination of 
CO, CH4, and N5O atmospheric mixing ratios 
determined from ice cores (see supplementary 
materials) is similar during MIS 5e and 11c (+ 0.16 
and +0.19 Wm * relative to preindustrial GHG 
concentrations, respectively). Early MIS 1 is clear- 
ly an exception, with substantially lower CO, 
levels [~260 parts per million by volume (ppmv)] 
around the time of peak Holocene warmth [~9 
thousand years ago (ka)] producing —0.44 Wm 7 
less radiative forcing relative to preindustrial lev- 
els. MIS 31 (~1.072 Ma) lies beyond the oldest 
ice cores, so no direct information on atmospher- 
ic composition is available. However, a proxy- 
based reconstruction of mid-Pleistocene partial 
pressure of CO, based on boron isotopes in plank- 


Fig. 4. Simulated interglacial warming (2-m surface temperature in degrees Celsius) relative to pre- 
industrial levels. (A) MIS 1 (9-ky orbit and GHGs). (B) MIS 5e (127-ky orbit and GHGs). (C) MIS 11c (409-ky 
orbit, GHGs, no Greenland Ice Sheet, and 8 W m~2 enhanced oceanic heat convergence under Arctic sea 
ice). (D) MIS 31 (1072-ky orbit, GHGs, and no Greenland Ice Sheet). Orbital and GHG forcing for MIS 5e 
and 11c follow that used by Yin and Berger (40). Forcing for MIS 31 follows that used by DeConto et al. 
(42). The location of Lake El’gygytgyn is shown with a star near the bottom-center of each panel. Areas of 
no shading (white) roughly correspond to statistically insignificant anomalies at the 95% confidence 


interval. 
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tonic foraminifera (4/) indicates that the highest 
mid-Pleistocene CO levels (~325 ppmv) occurred 
around | Ma, roughly coinciding with the excep- 
tional warmth of MIS 31. Though uncertain, these 
reconstructed CO> levels at MIS 31 would have 
added ~0.84 Wm * of radiative forcing, even if 
CH, and N,O mixing levels remained close to 
preindustrial values, which is unlikely consider- 
ing the ubiquitous correlation of elevated CH, 
and N2O during late Pleistocene interglacials. In 
sum, much of the warmth during MIS 31 can be 
explained by elevated greenhouse gas levels (42). 

To investigate potential reasons for the super 
interglacials at Lake El’gygytgyn, we tested the 
equilibrated response of a Global Climate Model 
(GCM) with an interactive vegetation component 
(see supplementary materials) to the orbital and 
GHG forcing corresponding to the timing of peak 
summer warmth at MIS 1, 5e, 11c, and 31. Com- 
parisons with a preindustrial control simulation 
(Fig. 4) show that differences in MTWM maxima 
at Lake El’ gygytgyn during MIS 1 and Se (+2.1° 
and +4.2°C) were in the same range as those 
during MIS 11c and 31 (+2.2° and +3.5°C) (Fig. 
3L, red dots, Fig. 4, and supplementary materials). 
The same holds true for the modeled differences 
in PANN (0 and —37 mm/a and +38 and 0 mm/a, 
respectively). The results are similar to previous 
interglacial simulations using an intermediate 
complexity model (40), with the combined effect 
of orbital and GHG forcing at MIS 5e producing 
the greatest summer warming among the four 
interglacials modeled here. Our simulated sum- 
mer warming (4.2°C) over the Beringian interior 
at MIS Se also closely matches the warming sim- 
ulated by a coupled atmosphere-ocean GCM (43). 
Consequently, the distinctly higher observed val- 
ues of MTWM and PANN at MIS 11c cannot 
readily be explained by the local summer orbital 
forcing or GHG concentrations alone and sug- 
gest that other processes and feedbacks contrib- 
uted to the extraordinary warmth at this interglacial 
and the relatively muted response to the strongest 
forcing at MIS Se. 

Vegetation-land surface feedbacks are ac- 
counted for in our model, and the simulated 
poleward advance of evergreen needle-leaf forest 
during the interglacials provides a good match 
with our reconstructions (see supplementary ma- 
terials), yet the warming effect of boreal forest 
expansion does not provide a satisfactory expla- 
nation for the warmth of MIS 11c. A deglaciated 
Greenland has been shown to have important re- 
gional effects on surrounding sea surface temper- 
atures (SSTs) and sea-ice conditions, but widespread 
warming in the circum-Arctic (and Beringia in 
particular) has been shown to be minimal (43, 44). 
This observation is supported by our simulations, 
showing that the loss of the Greenland Ice Sheet 
at MIS 11c raises summer temperatures at Lake 
El’ gygytgyn by only 0.3°C. Furthermore, Green- 
land was likely reduced in size during MIS Se 
and perhaps other interglacials, offering little help 
in differentiating Beringia’s response from one 
interglacial to the next. Meltwater impacts on 


ocean overturning (ignored in our simulations) 
generally have a cooling effect on the Northern 
Hemisphere, adding to the difficulty in explain- 
ing the exceptional warmth at MIS 1 1c relative to 
MIS 1 and 5e. 

The super interglacials at Lake El’gygytgyn 
coincide remarkably with diatomite layers in 
the Antarctic ANDRILL 1B record (see supple- 
mentary materials), which reflect periods of a 
diminished WAIS and open water in the Ross 
Embayment (35, 45). The higher number of events 
at Lake El’gygytgyn does not necessarily reflect 
a higher frequency, but it may also reflect the 
discontinuity of the ANDRILL 1B record (46). 

Linkages between extraordinary warmth at 
Lake El’gygytgyn and Antarctic ice volume im- 
ply strong intrahemispheric climate coupling that 
could be related to reductions in Antarctic Bot- 
tom Water (AABW) formation (47) during times 
of ice sheet/shelf retreat and elevated fresh water 
input into the Southern Ocean. This is supported 
by distinct minima in AABW inflows into the 
southwest Pacific during MIS 11 and 31 (48). As 
a consequence, changes in thermohaline circula- 
tion during MIS 11 and 31 might have reduced 
upwelling in the northern North Pacific (49), as 
indicated by distinctly lower BSi concentrations 
compared with other interglacials at Ocean Drill- 
ing Program site 882 (50, 5/). A stratified water 
column during the super interglacials would have 
resulted in higher SSTs in the northern North 
Pacific, with the potential to raise air temperatures 
and precipitation rates over adjacent land masses 
via effects on the dominant pressure patterns 
(Siberian high and Aleutian low) that dominate 
the modern climatology at the lake (52). 

An alternative mechanism linking Lake 
El’ gygytgyn with Antarctica could be related to 
higher relative sea level due to the combined 
retreats of the WAIS (44) and the Greenland Ice 
Sheet (24), resulting in enhanced warm-water 
intrusion into the Arctic Ocean. Potential gate- 
ways are the Denmark Strait and Barents Sea 
from the Atlantic Ocean and the Bering Strait 
from the Pacific Ocean. In the northeastern At- 
lantic, however, SSTs, at least during MIS 11, 
were lower than during MIS 9, Se, and 1 (53). 
Today, Bering Strait throughflow is restricted by 
shallow waters of only ~50 m in depth, result- 
ing in an average northward transport of ~0.8 
sverdrups (1 sverdrup = 10° m? gs!) (54). Sub- 
stantial interannual variability in flow rate can 
produce elevated heat fluxes (5 to 6 x 107° J/year 
in 2007), which can be amplified in the Arctic by 
internal-feedback mechanisms (3). No evidence 
as yet exists for substantial changes in tem- 
perature or flow rates during super intergla- 
cials; however, as a first exploration of this 
idea, we increased the heat flux convergence 
under Arctic sea ice in our interglacial climate 
model simulations by 8 W m ° (reflecting an 
extreme ~fourfold increase in warmer Bering 
Strait throughflow). The additional heat flux re- 
sults in substantial reductions in seasonal sea ice 
and warmer Arctic SSTs but contributes little ad- 
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ditional warming (<0.7°C) (Figs. 31 and 4C) in 
the Beringian interior. 

Fully testing these ideas will require additional 
climate-ocean modeling, explicitly accounting for 
glacial/interglacial changes in regional sea level 
(paleobathymetry and gateways), changes in land- 
ice distributions, and melt-water inputs in both po- 
lar regions, as well as contemporaneous sediment 
records from the Arctic and North Pacific Oceans. 

The paleoclimatic record from Lake El’ gygytgyn 
provides a benchmark of Arctic change from 
an area that has otherwise been a data desert for 
time-continuous terrestrial records of the Pliocene 
and Pleistocene. The sediments provide a fresh 
window into the environmental dynamics of the 
Arctic from a terrestrial high-latitude site for com- 
parison with other Arctic records. Marine cores 
from the Arctic basin, such as those from the 
ACEX/Lomonosov Ridge or HOTRAX expedi- 
tions (55), still lack the comparable resolution 
and length to test for perennial versus seasonal 
sea-ice conditions during interglacials over the 
past 2.8 My. The attenuated response of Arctic 
SSTs in model simulations of the interglacials 
(Fig. 4) (43) relative to surrounding continents 
hints that deep Arctic Ocean cores might not 
provide a complete perspective of the pacing or 
magnitude of climate change in the Arctic border- 
lands. The observed response of the region’s 
climate and terrestrial ecosystems to a range of 
interglacial forcing provides a challenge for mod- 
eling and important constraints on climate sen- 
sitivity and polar amplification. The marked 
coherence of interglacial warmth across the west- 
ern Arctic with repeated deglaciation events in 
West Antarctica supports the notion of strong 
teleconnections between the polar regions over 
the past 2.8 My. 
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Imaging the Impact of Single 
Oxygen Atoms on Superconducting 


Biz,ySt2_yCa Cuz03,, 


Ilija Zeljkovic,* Zhijun Xu,” Jinsheng Wen,” Genda Gu,” Robert S. Markiewicz,? Jennifer E. Hoffman** 


High-temperature cuprate superconductors display unexpected nanoscale inhomogeneity in 
essential properties such as pseudogap energy, Fermi surface, and even superconducting critical 
temperature. Theoretical explanations for this inhomogeneity have ranged from chemical disorder 
to spontaneous electronic phase separation. We extend the energy range of scanning tunneling 
spectroscopy on Biz,,Srz_yCaCu20g,,, allowing a complete mapping of two types of interstitial 
oxygen dopants and vacancies at the apical oxygen site. We show that the nanoscale spatial 
variations in the pseudogap states are correlated with disorder in these dopant concentrations, 


particularly that of apical oxygen vacancies. 


any of today’s prominent materials, such 
as high-transition temperature (7..) su- 
perconductors, doped semiconductors, 
and colossal magnetoresistance materials, are 
nonstoichiometric and electronically inhomo- 
geneous at the nanoscale (/). Both desirable and 
undesirable electronic properties may arise from 


Department of Physics, Harvard University, 17 Oxford Street, 
Cambridge, MA 02138, USA. Condensed Matter Physics and 
Materials Science Department, Brookhaven National Labora- 
tory, Upton, NY 11973-5000, USA. 3Department of Physics, 
Northeastern University, 360 Huntington Avenue, Boston, MA 
02115, USA. 


*To whom correspondence should be addressed: jhoffman@ 
physics. harvard.edu 


chemical inhomogeneity. To fully understand 
and harness these materials, and to drive the dis- 
covery of new materials, it is crucial to understand 
the impact of single atoms on these inhomoge- 
neous electronic states. 

Cuprate superconductors are quasi—two- 
dimensional (2D) materials that arise from off- 
stoichiometric doping of a Mott insulator by 
oxygen intercalation and/or cation substitu- 
tion. Nanoscale electronic inhomogeneity in the 
cuprates has been predicted (2, 3) and detected 
(4-7), but the roles of spontaneous electronic 
phase separation (2) and chemical disorder (3) 
are unresolved. Scanning tunneling microscopy 
(STM) has thus far lacked the necessary energy 


range to image the full set of relevant dopants. 
We present atomically resolved STM spectros- 
copy on Bis,,Srz_yCaCu20g+x (BSCCO) that 
doubles the energy range of previous work (8) 
and demonstrates the impact of single dopant 
atoms on electronic states. 

In BSCCO, a prominent gap in the density 
of states shows energy variation of ~100%, on 
a 2- to 3-nm length scale, across a wide range of 
doping (9). Recent studies (10, //7) suggest that 
this spectral inhomogeneity results primarily from 
variations in the pseudogap (PG), a depression in 
the density of states near the Fermi level e, that 
persists far above the superconducting 7, most 
dominantly on the underdoped side of the phase 
diagram. Nanoscale variation in the PG offers the 
opportunity to uncover the variable(s) determining 
its local strength, thus setting the stage for con- 
trol of this mysterious phase, whose energy scale 
anticorrelates with superconductivity (12, 13) 
and which many believe is a competitor to su- 
perconductivity (//, 14). 

Several previous studies searched for chem- 
ical origins of spectral gap variation in BSCCO. 
Kinoda et al. observed atomic defects in Pb-doped 
BSCCO with resonance energy +1.7 eV, identi- 
fied as Bi** substitutions at the Sr’* site (15). 
These defects may correlate weakly with regions 
of large PG, but no quantitative analysis was 
presented (16). McElroy et al. observed localized 
conductance signatures in BSCCO at —0.96V, 
identified as interstitial oxygen dopants (8), but 
several mysteries were left unresolved. First, the 
counted oxygen fell ~50% short of the expected 
density for each 7, (17). Second, the correlation 
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between oxygen locations and PG was weak and 
of unexpected sign: Although it is well established 
that globally increasing oxygen content corre- 
lates with decreasing PG (/2, 13), McElroy found 
that the oxygen dopant locations were weakly 
correlated with regions of increased gap. 

To resolve the latter issue, one carefully tuned 
theory suggested that the dominant local effect 
of interstitial oxygens may be strain, which in- 
creases the local pairing strength (J8, 79). A 
second proposal by Zhou et al. (20) explained 
both the missing oxygen and the counterintuitive 
correlation by postulating the existence of two 
types of interstitial oxygen dopants: “type-B” ox- 
ygens observed by McElroy, which live around 
the BiO plane and contribute only delocalized 
charge, and “type-A” oxygens, which live around 
the SrO plane and have an immediate electro- 
static effect, locally hole-doping the adjacent 
CuO, layer. Therefore, Zhou et al. predicted that 
the type-A oxygens would follow the expected 
global trend: a strong anticorrelation with the 
PG. The weak correlation observed between 
McElroy’s type-B oxygens and the PG could be 
explained as a side effect of slight repulsion be- 
tween type-B and type-A oxygens. (See addi- 
tional discussion in supplementary materials, 


Fig. 1. (A) Atomically resolved topographic image of BSCCO with 7, = 
55 K, acquired at Vcampte = +1 V and setpoint current / = 150 pA over a 
35-nm area (inset, 3x magnification). (B to D) Differential conductance 
(dI/dV) images in the same area as (A), acquired at Viampte = —1, —1.5, 
and +1 V, respectively. (E) Density of each type of dopant imaged within 


section I.) However, the type-A oxygens were 
predicted to have resonances even farther below 
€, than the -0.96-V type Bs. This experimental 
challenge has prevented their observation to date. 

We set out to observe the high-energy dopants 
and elucidate their role in cuprate inhomogeneity. 
BSCCO was grown with a floating zone tech- 
nique. As is common to facilitate the growth 
process, the starting composition for all crystals 
studied here contained Bi:Sr in a ratio 2.1:1.9. 
By some combination of cation substitution and 
oxygen intercalation, as-grown crystals tended 
to be optimally doped with 7, ~ 91 K. Some 
samples were then annealed at 550°C in vacuum 
to remove oxygen and reduce 7, toward the un- 
derdoped side of the phase diagram. We present 
STM data from four samples with decreasing 
oxygen content and 7. = 91, 82, 68, and 55 K. The 
samples were cleaved in cryogenic ultra-high vac- 
uum and immediately inserted into our home- 
built STM, where they were imaged at T= 6 K. 

Figure 1A shows a topography of the BiO 
surface of BSCCO with 7, = 55 K, demonstrat- 
ing atomic resolution at +1 V bias. Figure 1B 
shows the local differential tunneling conductance 
g(?, V = —1V) (where ris the local position and 
V is voltage), approximately proportional to the lo- 
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cal density of states at —1 eV, acquired over the same 
area as Fig. 1A, containing atomic-scale features 
of similar form and concentration to the previously 
observed type-B oxygen dopants (8). Figure 1C 
extends the energy range down to show g(7, V = 
—1.5 V), resolving a second set of atomic-scale 
features presumed to be the predicted type-A inter- 
stitial oxygen dopants (20). Figure 1D extends the 
energy range up to show g(7°, V = +1V), reveal- 
ing a third set of atomic-scale features. We observe 
no other distinct atomic-scale features in g(7°, V) 
images at biases between —2 V and +1.6 V. 

To clarify the identity of these three features, 
we repeat the same measurements on four dif- 
ferent samples and show the density of each type 
of dopant versus 7, in Fig. 1E. As expected, we 
observe a monotonic decrease in the number 
of both types of interstitial oxygen dopants with 
falling 7. However, the +1 V features increase 
from virtually zero for optimally doped BSCCO 
to almost 1% per CuO; plaquette for the 7, =55 K 
sample. Previous studies detected no change in 
cation concentration on annealing up to 840°C 
(21), so our observed increasing concentration 
after 550°C vacuum annealing suggests oxygen- 
site vacancies instead. There are three distinct 
oxygen lattice sites, but because the +1 V features 
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the four samples studied. (F) dl/dV spectra over each dopant type, from 
the T, = 82 K sample. Each colored spectrum is the average of all imaged 
dopants of its type within a 30-nm field of view; the black trace shows 
the average spectrum far from dopants. (Inset) Top half of the BSCCO 
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are laterally aligned with the Bi site, we identify 
them as missing apical oxygen atoms in the SrO 
layer (see supplementary materials, section II). 
Typical differential conductance spectra at 
each of the three types of dopants, and the back- 


Correlation coeff. 
jo) 
ie) 


Gap [meV] 


ground, are shown in Fig. 1F. The defining fea- 
tures used to identify the impurities, such as the 
peak around —1 V for a type-B oxygen, and the 
sudden changes of the slope around —1.2 V and 
+0.8 V for type-A oxygen and apical oxygen va- 
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Fig. 2. Comparison of dopant locations and PG map. Locations of (A) type-B interstitial oxygens (green circles), 
(B) type-A interstitial oxygens (red circles), and (C) apical oxygen vacancies (blue circles) superimposed on top of 
the PG map of the 7. = 55 K sample. (D) Cross-correlation coefficient relating the PG to the distance to the 
nearest dopant. (E) Average PG versus distance from the nearest dopant of each type. In (D) and (E), green, red, 
and blue lines represent type-B oxygens, type-A oxygens, and apical oxygen vacancies, respectively. 
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Fig. 3. Local PG versus local dopant density. For each sample, we create a local 
density map of the number of a given dopant type per region of radius € ~ 2 nm. 
The values in the density map are then binned based on the PG value at the 
corresponding pixel. The average PG value in each bin is then plotted versus the 
average dopant density value within each bin. (A) Local PG versus local density 
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cancy, respectively, are robust for different set- 
up conditions, locations, and samples (fig. S4). 

We investigated the relationship of these dop- 
ants to the inhomogeneous PG. Figure 2, A to C 
shows the three types of dopants (two interstitials 
and one vacancy), superimposed on a PG map 
acquired for the 7, = 55 K sample (see sup- 
plementary materials, section IV for details of 
PG determination). Any correlation between 
type-B oxygens and PG is too weak to be seen 
by the naked eye. In contrast to Zhou’s pre- 
diction, the type-A oxygens are correlated with 
regions of large PG. One immediately sees the 
strongest correlation between apical oxygen va- 
cancies and PG. Figure 2D shows the cross- 
correlations between the positions of the dopant 
atoms and the corresponding gap map. Figure 2E 
shows the average PG as a function of distance 
from the nearest dopant. This behavior is consist- 
ent across the three underdoped samples studied 
(see supplementary materials, section V). 

We examined more carefully the surprising 
departure from Zhou’s prediction in Fig. 3, which 
plots the local PG energy versus the local con- 
centration of each dopant type. For the type-B 
interstitial oxygens in Fig. 3A, the local trend 
within each sample shows correlation between 
increased local oxygen concentration and in- 
creased local PG; the global trend between 
samples shows anticorrelation between global 
oxygen concentration and global PG. In con- 
trast to Zhou’s prediction, Fig. 3B shows that a 
qualitatively similar juxtaposition of local and 
global trends holds for the type-A interstitial ox- 
ygens in the three underdoped samples. How- 
ever, Fig. 3C shows excellent alignment of local 
and global trends for the correlation between 
apical oxygen vacancy density and PG. This sug- 
gests that, in underdoped samples, variations in 
the local hole concentration, and thus the local 
PG, are governed primarily by the local removal 
of holes by apical oxygen vacancies, rather than 
the strain or the donation of localized holes 
from the interstitial oxygens. 

The interstitial oxygens, previously predicted 
(3) to determine the local gap, do contribute de- 
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of type-B interstitial oxygen dopants, from the four different samples used in 
this study. (B) Local PG versus local density of type-A interstitial oxygen dopants, 
from the four different samples used in this study. (C) Local PG versus local 
density of apical oxygen vacancies, from the three underdoped samples used in 
this study. Trend lines in (A) to (C) are guides to the eye. 
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localized holes, but in underdoped samples even 
the type-A interstitial oxygen positions remain 
correlated to regions of decreased local hole con- 
centration, likely due to a tendency to remain close 
to the apical oxygen vacancies. In the optimally 
doped sample, the apical oxygen vacancy concen- 
tration is negligible, so the local hole concentration 
may be set by the next-closest dopant to the CuO, 
plane, the type-A interstitial oxygen, as predicted 
by Zhou et al. (20). Indeed, Fig. 3B shows that the 
local PG decreases with increasing local type-A 
concentration in the 7, = 91 K sample. We there- 
fore reconcile the apparent contradiction between 
the global (/2, /3) and local (7, 8) doping trends 
for both types of interstitial oxygens. 

Does dopant inhomogeneity cause PG in- 
homogeneity or merely pin intrinsic inhomogene- 
ity, caused perhaps by strong correlations? Because 
the 2- to 3-nm length scale of PG inhomogene- 
ity remains the same across a wide range of dop- 
ant concentrations (fig. S7A, inset), intrinsic PG 
inhomogeneity seems plausible. However, our 
experiment shows clearly that the dopant loca- 
tions that are fixed at high 7, particularly the ap- 
ical oxygen vacancies, do govern the local PG 
strength that is subsequently determined on cool- 
ing through the PG transition temperature 7*. 

Our experiment directly measures the strong 
correlation between apical oxygen vacancies and 
the PG, but is there a relationship between apical 
oxygens and superconductivity itself? In fact, 
apical oxygen effects may be credited for the dis- 
covery of high-7,, superconductivity, as Miller 
was originally driven to explore the LaBaCuO sys- 
tem by the expectation of strong electron-phonon 
coupling due to the Jahn-Teller effect in the CuO, 
octahedral environment, specifically the displace- 
ment of the Cu-apical-O bond (22). However, sub- 
sequent isotope effect measurements suggested 
that any phonon contribution to superconductivity 
is dominated by CuO, plane oxygen (23). We con- 
jecture that the apical oxygen vacancies influence 
the superconductivity indirectly in underdoped 
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samples by reducing the local hole concentration, 
which locally strengthens the PG, tying up anti- 
nodal states (//, /4), and locally decreasing the 
Fermi level carriers that would otherwise be 
available for coherent pairing. Calculations also 
showed a correlation between 7, and apical 
oxygen height and emphasized the importance 
of the axial orbital for the hopping and phase 
coherence necessary for superconductivity (24, 25). 
Thus, apical oxygen vacancies may lower the lo- 
cal superconducting 7, and/or critical current J.. 

Another manifestation of electronic inhomo- 
geneity is a disordered “checkerboard” (CB) mod- 
ulation of the spectral weight that is static but 
most noticeable at energies within and near the PG 
energy. Field (26), doping (9), and temperature 
(27) dependence suggest that the CB is in fact the 
electronic ordered phase associated with the PG. 
The CB wave vector tracks the antinodal nesting 
wave vector across a wide range of doping (28). A 
closely related disordered periodic inhomogeneity 
arises from elastic scattering between degenerate 
states; this dispersing quasiparticle interference 
(QPI) may exist at similar wave vectors to the 
static CB, but only at a limited range of energies 
within the superconducting gap (29). 

It was previously claimed that type-B oxygen 
dopants are found in the minima of the QPI pat- 
terns (8), at both positive and negative energies. 
However, QPI has opposite spatial phase for 
filled and empty states (30), suggesting that the 
previously observed correlation (8) relates instead 
to the CB. Figure 4A shows the distribution of 
the three types of observed atomic dopants on 
top of a filtered g(7, V = 36 mV) image (figs. 
S10 to $12). A histogram of the distance from 
each dopant to the center of the nearest “checker” 
(Fig. 4B) demonstrates the strong tendency of 
apical oxygen vacancies to lie in the peaks of the 
imaged CB and weaker tendency for interstitial 
oxygen dopants to lie in the troughs. We there- 
fore conclude that the apical oxygen vacancies 
play the primary role in pinning the CB. 
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Fig. 4. Comparison of dopant locations and the checkerboard. (A) Fourier-filtered dl/dV image of the 7, = 
55 K sample at +36 mV, showing a clear CB (setup: V.ampie = —150 mV; / = 800 pA). Type-B oxygens, type- 
A oxygens, and apical oxygen vacancies are superimposed as green, red, and blue circles, respectively. (B) 
Dopant density of each type versus distance from the center of the nearest CB maximum. 


REPORTS 


Our high-bias atomically resolved STM re- 
sults suggest a possible route to increase 7, in 
BSCCO: underdope to increase the pairing po- 
tential (37) but explore different annealing re- 
cipes to allow interstitial oxygen removal without 
creating apical oxygen vacancies, the defects most 
favorable to the PG and possibly competitive to 
superconductivity. Recently, a ~15% increase in 
maximum 7; has been predicted from alternate 
dopant arrangements (32). Our spectroscopy 
methods may also prove useful in future studies 
of the effects of single-atom impurities in other 
fragile quasi-2D materials. 
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Spin-Transistor Action via Tunable 
Landau-Zener Transitions 


C. Betthausen, T. Dollinger,? H. Saarikoski,” V. Kolkovsky,? G. Karczewski,? 
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Spin-transistor designs relying on spin-orbit interaction suffer from low signal levels resulting 
from low spin-injection efficiency and fast spin decay. Here, we present an alternative approach 
in which spin information is protected by propagating this information adiabatically. We 
demonstrate the validity of our approach in a cadmium manganese telluride diluted magnetic 
semiconductor quantum well structure in which efficient spin transport is observed over device 
distances of 50 micrometers. The device is turned “off” by introducing diabatic Landau-Zener 
transitions that lead to a backscattering of spins, which are controlled by a combination of a 
helical and a homogeneous magnetic field. In contrast to other spin-transistor designs, we find 


that our concept is tolerant against disorder. 


he use of electron spin to store and pro- 
[Ts information calls for the ability to 

inject, propagate, and manipulate spin with 
high efficiency (/, 2). Much of the recent research 
in the field has been motivated by attempts to 
realize the seminal spin transistor proposed by 
Datta and Das (3). Their original concept re- 
quires spin injection from ferromagnetic contacts 
into a narrow channel of a two-dimensional elec- 
tron gas (2DEG), where transport is ballistic and 
spins precess in a gate-controlled spin-orbit field 
into “on” or “off” orientations. Even though such 
spin manipulation in a spin-orbit field has been 
demonstrated in a nonlocal measurement (4), 
signal levels remain small as a result of low spin- 
injection efficiency and limited spin lifetime. The 
latter can be enhanced if spin polarization is pro- 
tected against scattering processes by an SU(2) 
symmetry that emerges when the Rashba spin- 
orbit interaction strength is equal to the Dressel- 
haus term (5, 6). This creates a persistent spin-helix 
state (6) that has been observed in optical measure- 
ments (7). Aside from 2D systems, spin-transistor 
action was also explored in bulk bipolar semi- 
conductors (8, 9). 

Here, we present an alternative efficient spin- 
transistor design that uses adiabatic spin propa- 
gation to protect spin information and tunable 
diabatic Landau-Zener transitions between spin 
eigenstates for spin-transmission control (Fig. 1). 
According to the adiabatic theorem of quantum 
mechanics (/0), a spin that is initially in an ei- 
genstate will remain in its instantaneous eigen- 
state during transport if external perturbations act 
on it slowly. Spin information is hence protected 
against decay, allowing spin to propagate over 
device distances of several micrometers. For 
rapidly changing perturbations, spin cannot adapt 
its state, which becomes a superposition of ei- 


1Department of Experimental and Applied Physics, Regensburg 
University, 93040 Regensburg, Germany. “Department of Theo- 
retical Physics, Regensburg University, 93040 Regensburg, 
Germany. Institute of Physics, Polish Academy of Sciences, 
02668 Warsaw, Poland. 


*To whom correspondence should be addressed. E-mail: 
dieter.weiss@physik.uni-regensburg.de 


genstates. This causes diabatic Landau-Zener 
transitions between the spin eigenstates (//, 12), 
which can be used to selectively backscatter spin- 
polarized charge carriers, thus giving rise to tran- 
sistor action. 

We demonstrate the validity of our approach 
in a (Cd,Mn)Te diluted magnetic semiconductor 
quantum-well (QW) structure in which the giant 
Zeeman splitting, attributed to s-d exchange inter- 
action between electronic states and the localized 
Mn spins (/3), gives rise to intrinsic spin polariza- 
tion. We modulate the diabatic spin-backscattering 
probability by a combination of a spatially rotat- 
ing magnetic field B, and a homogenous mag- 
netic field B. B, is created by premagnetized 
ferromagnetic stripes placed above the device 
(Fig. 2, A and D). In the absence of the ho- 
mogeneous field, eigenfunctions change slowly, 
leading to adiabatic spin transport and a heli- 
cal spin wave resulting from U(1) symmetry. If 
scattering is spin-independent, spin orientation 
depends only on the position along the transport 
direction and not on the specific path of the 
spin: the device is in its on state. However, if 
the helical field component is equal in ampli- 
tude to the homogeneous component, diabatic 
transitions and backscattering of spin occur. 
Consequently, the device is in the off state. As 
in the original Datta-Das concept, we measure 
the source-drain resistance, which intensifies as 
the spin-backscattering rate is increased. The 
degree of adiabaticity is therefore monitored 
electrically in the channel resistance, in contrast 
to interference measurements (/4, /5) of geomet- 
rical (Berry) phases (/6), associated with adia- 
batic spin evolution only. 

Our setup consists of three building blocks: 
(i) a high-mobility 2DEG with a giant Zeeman 
splitting, (ii) a grating of ferromagnetic stripes 
on top of the sample (Fig. 2, A and D), and (ii1) 
a homogeneous B field generated by a super- 
conducting coil. A modulation doped (Cd,Mn)Te 
quantum-well structure (/7, 18) is used to confine 
electrons to two dimensions. The ferromagnetic 
grating is made of 75-nm-thick dysprosium stripes 
patterned to periods a ranging from 0.5 to 8 um. 


The stripes are premagnetized in a field of 8 T, 
which gives rise to a remnant magnetization of 
0.7 x 10° A/m, determined by superconducting 
quantum interference device (SQUID) measure- 
ments. In the plane of the 2DEG, the stray field 
of the periodic grating of magnets is approxi- 
mately helical with an amplitude of ~5O mT 
(Fig. 2B). The magnetic field texture translates 
to a helical spin polarization via the giant Zeeman 
coupling. In our devices, we use the beating 
pattern of the Shubnikov—de Haas oscillations at 
low fields (Fig. 2E) to estimate a Zeeman split- 
ting of 1 meV for a 50-mT stray field at 25 mK 
(18, 19). The Zeeman energy £7 is the largest spin- 
dependent energy scale; Rashba and Dresselhaus 
spin-orbit splittings are more than one order of 
magnitude smaller (20). Spin polarization p = 
(ny —ny)/(ny + ny) © Ez/2E¢ in the 2DEG ranges 
from 8 to 15% in a 50-mT stray field for our 
samples (Fig. 2, C and D). Here, n;,, denotes 
the density of spin-up/down electrons; Ey is the 
Fermi energy. 

To measure the longitudinal resistance p,,(B) 
in a Hall bar geometry, the magnetic field is first 
ramped up to 8 T under an angle 0 (Fig. 2A) to 
magnetize the stripes, and then data are taken on 
the sweep back to —0.5 T. In the presence of a 
helical stray field, p,.(B) shows distinct peaks at 
about +50 mT (Fig. 2, E and F) for the studied 
devices A, B, and C (fig. S1). The samples differ 
in QW thickness, carrier density, electron mo- 
bility, and Mn concentration (table S1), but the 
results are independent of such details. The peaks 
do not appear in unmodulated reference sam- 
ples. Apart from a small dip near B = 0, rem- 
iniscent of weak antilocalization (black traces in 
Fig. 2F), these samples do not show any notable 


Energy 


— > 


adiabatic 


Fig. 1. Spin-transistor action via tunable diabatic 
transitions in a system of two orthogonal spin- 
eigenstates e, and e, (blue arrows) with energy sep- 
aration T’ at the closest approach. A spin that is 
transported along a spatial coordinate x through 
the system, starting from e,, will remain in this 
instantaneous eigenstate if evolution (here defined 
as rotation of eigenstate spin orientation) is slow in 
the reference frame of the spin (small dx/dt). In a 
fast evolution (large dx/dt), spin cannot adapt to 
the changing environment, leading to a diabatic 
evolution (red arrows) corresponding to a Landau- 
Zener transition to es. The e state lies above F,, 
causing wave-function decay and spin backscatter- 
ing. Spin-transistor action involves either tuning 
T or dx/dt. 
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features at low B. The p,, peaks in the modu- 
lated samples vanish rapidly with increasing 
temperature 7 and are no longer recognizable 
above ~0.6 K (Fig. 3A). This behavior, con- 
firmed by full numerical transport calculations 
in Fig. 3B (/8), is expected for the spin po- 
larization of (Cd,Mn)Te, as the dominant s-d 
exchange part in the g factor contributes appre- 
ciably only at low T. Because of their orbital na- 
ture, magnetic commensurability effects persist 
to much higher 7 (~40 K) (2/) and can therefore 
be excluded. Hence, the 7 dependence of the 
peaks confirms a spin-related effect. 

The p,,, peaks reflect reduced spin transmission 
through the 2DEG channel, which can be intui- 
tively explained within the following model: Due 


to the high mobility of our samples, let us assume 
that the spin transport is ballistic on the scale of 
the period of the Dy grating. Figure 2C shows the 
Zeeman-split subbands of a 2DEG. At EF; there 
is an imbalance of spin states moving in the x 
direction because some of the occupied spin-split 
modes exhibit unoccupied counterparts above Ep. 
For a Zeeman-split state pair close to Ep, the upper 
state (solid blue line in Fig. 2C) is unoccupied, 
whereas the lower state (solid red line) is occupied 
and carries spin. Assuming a helical stray field 
(22, 23) with amplitude B,, the total magnetic 
field, B + B,(x), gives rise to a Zeeman splitting 
Ez, +(x) = +  garlipBs Vi ae ye + 2yo0s(2nx/a), 
where y = B/B,, gee is the (giant) effective g 
factor of (Cd,Mn)Te, and tg is Bohr’s magneton. 


A 
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Source 


Sample A modulation 
aim 
ion eae = 


Fig. 2. (A) Electron micrograph of a Hall-bar segment covered with Dy stripes. (Inset) Orientations of 
the external homogeneous B field and the magnetic moments of the premagnetized stripes (magenta 
arrows), defined by the tilt angle 6 with respect to the z axis in the xz plane. (B) Calculated magnetic 
stray-field components B,, (red) and B,, (blue) in the plane of the 2DEG for sample C with a grating of 
a=1um. B= Bc, and B = Bc_ denote the external field needed to generate points of vanishing total 
magnetic field (marked by asterisks) if the external field is applied in positive or negative z direction, 
respectively. (C) Schematic band structure of the (Cd,Mn)Te QW. Black solid lines, Zeeman-split spin-up 
and spin-down subbands for wave vectors in the y direction, k, = 0; dashed lines, spin-split subbands 
for k, # 0, but with spin-up and spin-down states occupied at E;; colored solid lines, spin-split subbands 
for k, # 0, but with an empty upper band. Only Landau-Zener transitions between filled and empty 
subbands contribute to spin backscattering. Spin-up and spin-down densities n; and n, are represented 
by blue and red areas, respectively. (D) In the adiabatic transport regime at B = 0, electron spins in the 
2DEG (spheres with arrows) keep anti-aligned with the stray-field B, of the stripes, and a spin-helix 
forms. (E and F) p,, with and without modulation at T = 25 mK and 6 = 0° (upper curves, shifted for 
clarity). Mn ions in the QW cause a distinct beating pattern with nodes (open triangles) at higher B (E). 
Resistance peaks (black triangles) are associated with blocking of spin transmission. 
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For one pair of spin-polarized states (that is, for 
fixed wave vector k,), the total magnetic field, 
Zeeman-split energy levels, spin directions, and 
local energy bands are depicted in Fig. 3E (case 
B = B,/2) and Fig. 3F (B = B,). Because of the 
large Zeeman splitting associated with the stray 
field at B = 0, the Larmor frequency @ = 
LentlpB/h (where hf is Planck’s constant h divided 
by 2z) is higher than the frequency of stripe 
modulation in a ballistic flight through the device 
Oy = 2tVg,/a (where vp, = hk,/m* is the com- 
ponent of the Fermi velocity parallel to the trans- 
port direction, m* is the effective mass of CdTe, 
and &, is the wave vector in x direction). This 
keeps spin transport predominantly in the adia- 
batic regime, as expressed by the condition O = 
©, /@,> 1, where Q is a measure of the degree of 
adiabaticity in ballistic systems (16, 24, 25). For 
B=B,,a degeneracy point emerges in the energy 
bands midway between adjacent stripes, because 
the total magnetic field vanishes at those points 
(Figs. 2B and 3F). In the reference frame of the 
spin, the direction of the magnetic field first ro- 
tates continuously as it approaches the degen- 
eracy point adiabatically, but then the field 
reverses direction. This violates the conditions 
for adiabaticity, because an instant 180° spin- 
rotation would be needed to stay on the lower 
band. Hence, a transition to the upper Zeeman 
band occurs close to the degeneracy. On the up- 
per band the spin is parallel to the magnetic field, 
giving rise to a tunneling barrier because the po- 
tential energy rises above Ey; this leads to back- 
scattering, and spin-transport is blocked, increasing 
the resistance of the sample. Only spin-polarized 
modes are affected by this blocking, because both 
spin bands of spin-compensated modes remain 
everywhere below Ep. 

The probability of a diabatic transition to the 
upper Zeeman band is finite, even if there are no 
degeneracy points. Using Landau-Zener formal- 
ism, we show (/8) that the spin-backscattering 
probability associated with a diabatic transition 
becomes increasingly probable as the distance 
between the Zeeman-split levels at the closest 
approach decreases or transport velocity vp, in- 
creases (//, 12, 26). The periodic stripe grating 
forms a spatially repeating sequence of potential 
transition points that enhances the probability of 
a diabatic transition. 

The actual stray-field profile of the magne- 
tized stripes is anisotropic and only approximate- 
ly helical (Fig. 2B). This provides an additional 
means to confirm that the p,, peaks stem from 
spin-transmission blocking. To do that, we studied 
samples with different stripe periodicities a ranging 
from 0.5 to 8 um (shown for 8 = 45° in Fig. 3C) 
and measured p,.(B) at different tilt angles @ for 
a given value of a (shown for a = 1 um in Fig. 
3D). We calculated the stray field of the stripes 
within the dipole approximation for different 
values of 6 and a, which gives the positions of 
the spin-blocking peaks as field values where 
zeros form in the total field. Our theoretical data 
are compared with the corresponding values 


www.sciencemag.org SCIENCE VOL 337 20 JULY 2012 


325 


Downloaded from www.sciencemag.org on July 19, 2012 


REPORTS 


326 


A B E Adiabatic regime aty=0.5 F 
T (mk) Sample C T (mk) Theory (ballistic) 
sooo = 60} 1900" _ : yay SCs 
300. 300 
pee] ee Ae | 
= | 150 & 55 100 aN rn thr. sya ett 
~x 3501 100-———_ Os > ~~ 50+~28 A a 


ie} 
1 
i? 
> 
Prx 
nN 
gi 
1 a 
a 
> 
> 
a 
‘ w. 
° 
a 
@ 
@ 
¢ Oo. 
Energy 


Diabatic regime, y = 1 


——————— 
tttx.,, att 


2DEG 


spin 


Energy 
zy 


x (um) 


EAU nN 
_ 3604 4um4 A _~ 4001-60 —aA_“>----— 
um NS as 
ose oe 
i‘ 


local Zeeman-split energy bands. 


extracted for sample C in Fig. 4A (and for sam- 
ple B in fig. S3) and show the expected an- 
isotropy. Note that no fit parameters were used 
in the calculations. 

In the ballistic model, all spin-polarized trans- 
port modes are blocked at B = B,, increasing the 
resistance of the sample. A single degeneracy 
point in the Zeeman bands is sufficient to block 
all spin transmission; hence, the peak height 
does not depend on the number of modulations, 
which is in line with the measurements of dif- 
ferent modulation periods at a fixed device length 
of 50 um (Fig. 3C). Only the 8-m modulation 
shows a reduced peak height, which is probably 
due to the highly anisotropic stray field. 

The ballistic model gives an estimate F7(7;2B,)/ 
(4E;) for the relative magnetoresistance peak 
height Ap,./p,, (black line in Fig. 4B). In the 
presence of disorder, diabatic transitions are 
perturbed and, hence, peak heights are reduced. 
However, we found that disorder does not strong- 
ly affect the measured peak heights in sample C. 
The experimental values in Fig. 4B are compa- 
rable to our disorder model at an electron mean 
free path of /, = 4 um (blue triangles in Fig. 4B). 
The peaks disappear in the calculations at /, = 
0.65 um, which equals the measured mean free 
path in sample C. Orbital effects may enhance spin 
effects and contribute to a better-than-expected 
device performance at low T (/8). Nevertheless, 
experiments indicate that adiabatically transported 
spin is stable over device distances of 50 um, 
which are much longer than electron mean free 
paths in the samples (between 0.47 and 1.39 um). 

Our results demonstrate the concept of an 
adiabatic spin transistor: Adiabatic transport pro- 
tects spin information, whereas diabatic transitions 
lead to spin backscattering (thus depolarizing 
the current) and allow for switching between on 


Energy 


Fig. 3. Measured (A) and simulated (B) magnetoresistance traces at various 
T in sample C with a = 1 um and 0 = 0°. Calculations were done with a 
ballistic transport model [top part of (B)] and a disorder model with a 4-um 
mean free path [bottom part of (B)]. Magnetoresistance traces at various 


periods a (C) and tilt angles 6 (D) at 25 mK, 6 = 45° in (C), anda =1 um 
in (D). All curves, except the lowest ones, in (A) to (D) are shifted for clarity. (E and F) Total magnetic field acting on an electron (top panels) and Zeeman-split 
energy-bands of a polarized state (middle panels) with spin-orientations (arrows) in the (E) adiabatic transport regime at y = B/B, = */> and in the (F) diabatic 
regime y = 1. The x component of magnetic field reverses direction in the center at y = 1, which leads to spin backscattering. (Bottom panels) Corresponding 
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Fig. 4. (A) Measured and calculated anisotropy of the stray field, as reflected by the resistance peak 
separation A = Bc, — Bc_. (B) Relative resistance peak height Ap,,/p,, as a function of temperature in 
sample C (solid and open squares for Bc, and Bc_, respectively), in the ballistic theoretical model (solid 
line), and in a model that includes disorder (triangles). In the latter case, the mean free path is 4 um, 
and the device length is 18 um. The stray-field modulation period is 1 um. The corresponding reference 
values of the spin-compensated limit are estimated from the resistances at 1 K. Error bars denote the 


uncertainty in the disorder-averaged values. 


and off states. In contrast to the Datta-Das con- 
cept, our approach is tolerant against disorder. 
Our proof of concept device shows source-drain 
resistance modulation of up to ~10%, which is 
expected to be considerably enhanced in mate- 
rials with high spin polarization (/8). Further- 
more, the homogeneous 8B field, provided here 
by coils, might be replaced with a magnetic gate 
that is switched by spin torque, discussed in 
(78). This would enable the device to be controlled 
purely by electric fields. As we use a paramag- 
netic material, our device operates only at low 
T. However, we stress that the design concepts 
are not restricted to a particular choice of ma- 
terials, temperature, methods of spin injection, 
manipulation, or detection. Transferring our con- 
cept to higher T requires employing exchange or 
spin-orbit splitting rather than Zeeman splitting. 
Possible material systems in which exchange in- 


teraction can be tuned by means of an electric 
field involve, for instance, magnetic semicon- 
ductors (27). 
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A Paramagnetic Bonding 
Mechanism for Diatomics in 
Strong Magnetic Fields 


Kai K. Lange,? E. I. Tellgren,? M. R. Hoffmann,”? T. Helgaker?* 


Elementary chemistry distinguishes two kinds of strong bonds between atoms in molecules: 

the covalent bond, where bonding arises from valence electron pairs shared between neighboring 
atoms, and the ionic bond, where transfer of electrons from one atom to another leads to 
Coulombic attraction between the resulting ions. We present a third, distinct bonding mechanism: 
perpendicular paramagnetic bonding, generated by the stabilization of antibonding orbitals in 
their perpendicular orientation relative to an external magnetic field. In strong fields such as 
those present in the atmospheres of white dwarfs (on the order of 10° teslas) and other stellar 
objects, our calculations suggest that this mechanism underlies the strong bonding of H, in the 
?Z*(16g10*) triplet state and of He2 in the *Z+(16516%*") singlet state, as well as their 
preferred perpendicular orientation in the external field. 


hemical bonding mechanisms are not only 
( well understood phenomenologically and 

theoretically, but are also accurately de- 
scribed by the methods of modern quantum chem- 
istry. Molecular atomization energies, for example, 
are today routinely calculated to an accuracy of 
a few kilojoules per mole—the “chemical ac- 
curacy” characteristic of modern measurements 
(1). However, nearly all our knowledge about 
chemical bonding pertains to Earth-like condi- 
tions, where magnetic interactions are weak rel- 
ative to the Coulomb interactions responsible for 
bonding. By contrast, in the atmospheres of rap- 
idly rotating compact stellar objects, magnetic 
fields are orders of magnitude stronger than those 
that can be generated in laboratories. In particu- 
lar, some white dwarfs have fields as strong as 
10° T, and fields up to 10'° T exist on neutron stars 
and magnetars. Under these conditions, magnet- 
ism strongly affects the chemistry and physics of 
molecules, playing a role as important as that of 
Coulomb interactions (2). To understand this un- 
familiar chemistry, we cannot be guided solely by 


1Centre for Theoretical and Computational Chemistry, Depart- 
ment of Chemistry, University of Oslo, N-0315 Oslo, Norway. 
*chemistry Department, University of North Dakota, Grand 
Forks, ND 58202, USA. 


*To whom correspondence should be addressed. E-mail: 
trygve.helgaker@kjemi.uio.no 


the behavior of molecules under Earth-like con- 
ditions. In the absence of direct measurements 
and observations, ab initio (as opposed to semi- 
empirical) quantum mechanical simulations play 
a crucial role in unraveling the behavior of mol- 
ecules in strong magnetic fields and may be useful 
in the interpretation of white dwarf spectra (3, 4). 

Over the years, many quantum chemical studies 
have been performed on one- and two-electron mol- 
ecules in strong magnetic fields (5). Some of these 
demonstrate how certain otherwise unbound one- 
electron molecules become bound in strong fields. 
Intriguingly, Hartree-Fock calculations by Zaucer 
and AZman in 1978 (6) and by Kubo in 2007 (7) 
suggest that the otherwise dissociative lowest triplet 
state 7, (16g10*) of Hy becomes bound in the 
perpendicular orientation of the molecule relative 
to the field. The binding has also been noted in 
simple model calculations and rationalized in terms 
of van der Waals binding (dispersion) (8) and a 
shift of electronic charge density toward the mo- 
lecular center (9). Bearing in mind that the un- 
correlated Hartree-Fock model often strongly 
overestimates the binding energy in the absence 
of magnetic fields, these findings must be con- 
firmed by more advanced quantum chemical 
simulations. 

Here, we report highly accurate calculations 
on H; in strong magnetic fields, taking advantage 


of our recently developed LONDON code, which 
is capable of treating molecular systems accu- 
rately in all field orientations. Our studies not 
only confirm the bonding of triplet H but also 
provide an elementary molecular orbital (MO) 
explanation that involves neither charge displace- 
ment nor dispersion: Nonbonding molecular elec- 
tronic states are stabilized by the reduction of the 
paramagnetic kinetic energy of antibonding MOs 
when these are oriented perpendicular to the mag- 
netic field. The generality of the proposed bonding 
mechanism is confirmed by calculations on Hes, 
previously not studied in strong magnetic fields. 

To represent the molecular electronic states in 
magnetic fields, we use the full configuration- 
interaction (FCI) method [implemented using 
string-based techniques (/0-—/2)], where the 
N-electron wave function is expanded linearly in 
Slater determinants, 


|FCI) = LCn det|o, . 5+ 1 (1) 
whose coefficients C,, are determined by the 
Rayleigh-Ritz variation principle (73). Each de- 
terminant is an antisymmetrized product of N or- 
thonormal spin MOs 9,; the summation is over all 
determinants that may be generated from a given 
set of MOs. The exact solution to the Schrédinger 
equation is reached in the limit of a complete set 
of MOs, making it possible to approach this so- 
lution in a systematic manner. 

The FCI model makes no assumptions about 
the structure of the electronic system; in par- 
ticular, it makes no assumptions regarding the 
dominance of one Slater determinant (assumed 
in Hartree-Fock and coupled-cluster theories). 
This model is therefore capable of describing all 
bonding situations and dissociation processes in 
an unbiased manner, which is essential when un- 
familiar phenomena are studied. Equally impor- 
tant, the FCI model provides a uniform description 
of different electronic states and is therefore able 
to describe the complicated evolution of such 
states that occurs with increasing field strength. 

The FCI method is a standard technique of 
quantum chemistry, often used to benchmark less 
expensive and less accurate methods, and was 
previously used by Schmelcher and Cederbaum 
in their study of H, in strong parallel magnetic 
fields (14). Our FCI implementation differs from 


www.sciencemag.org SCIENCE VOL 337 20 JULY 2012 


327 


Downloaded from www.sciencemag.org on July 19, 2012 


REPORTS 


328 


theirs in being invariant with respect to gauge 

origin and hence capable of describing all ori- 

entations of the molecule in a field equally well. 

To understand this point, we recall that the ki- 

netic energy operator (including the spin-Zeeman 

term) in the magnetic field B is given, in atomic 
units, by 

Lao 

T= gun +B- XSi, 

i 1 i (2) 

Tt = -iV; sas x (r; = O) 


where 1 is the imaginary unit, and 7; and s; are the 
kinetic momentum and spin operators of electron 
i, respectively. The kinetic energy operator de- 
pends parametrically on the gauge origin O, an 
arbitrary point in space where the field contri- 
bution to the operator vanishes. In exact theory, 
all choices of O yield the same energy and other 
properties of the system; in approximate calcu- 
lations (except in parallel orientations with the 
gauge origin on the molecular axis), the calcu- 
lated results depend on O unless gauge origin 


1000 - 


invariance is carefully imposed. For the results to 
be reliable, it is essential that the calculations be 
rigorously invariant with respect to gauge origin 
in all molecular orientations. The kinetic energy 
operator in Eq. 2 depends quadratically on 1; 
and therefore both linearly and quadratically 
on B. For the field strengths considered here, 
on the order of By = 2.35 x 10° T (one atomic 
unit), the linear and quadratic field contributions 
to the Hamiltonian are equally important, result- 
ing in a complicated chemistry in this regime. 

To ensure gauge origin invariance, we ex- 
pand the MOs linearly in a set of field-dependent 
atom-fixed Cartesian Gaussian atomic orbitals 
(AOs) of the form 


Xie (K,B,O) = Nyuxkypeh 
1. 
x exp 7B x(O-K)-r exp(—ar%,) (3) 


where r is the position of the electron relative 
to the origin of the coordinate system, rx is its 


—1000}- 


E (kJ mol!) 


-2000- 


-3000}- 


position relative to the center of the Gaussian K 
(here an atomic center), a > 0 is the Gaussian 
exponent, and NV, is the normalization constant. 
These AOs depend on the field B and on the 
gauge origin O in a physically reasonable man- 
ner, being correct to first order in the external 
magnetic field and ensuring gauge origin in- 
variance of all computed expectation values. The 
use of such field-dependent orbitals, introduced 
by London in 1937 (/5), is a standard technique 
in perturbative treatments of molecular magnetic 
phenomena (/6—/9). The use of London orbitals 
in nonperturbative studies is technically more 
complicated and therefore uncommon. Indeed, 
London orbitals have previously been used only 
in calculations on the one-electron H>” molecule 
(20-22), on the two-electron Hz molecule (6, 7), 
and on larger molecules by our group (23, 24), 
all at the uncorrelated Hartree-Fock level of theory 
[see also the Heitler-London model of Basile 
et al. (9)]. Our gauge origin—invariant FCI code 
allows us to study molecules in different elec- 
tronic states and arbitrary orientations in a reliable 
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Fig. 1. The Hz molecule in an external magnetic field. (A) Schematic il- 
lustration of the chemical bonding in parallel orientation (left) and perpen- 
dicular orientation (right) relative to the magnetic field, represented by red 
arrows. (B and C) Potential energy surfaces E(R, ®) of H2 in the 153 (109) state 
(B) and the 3X] (10g1oy) state (C) calculated at the FCl/un-aug-cc-pVTZ level 
of theory in a field of strength B = 1.0Bo, using a polar coordinate system 
where R is the internuclear separation and 0 is the angle of the molecular 


axis relative to the field (high values in red, low values in blue). (D and E) 
Potential energy curves E(R, 0) of the +X, (109) state (D) and the 72; (10g10,) 
state (E) calculated at different field strengths in parallel orientation (8 = 0°, 
solid lines) and perpendicular orientation (8 = 90°, dashed lines). The areas 
between the full and dashed lines represent the energy for intermediate 
(skew) orientations in the field. The minimum of each curve is marked with 
a black dot. 
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and unbiased manner. A more flexible but com- 
putationally demanding scheme has been pro- 
posed by Kennedy and Kobe, who equipped 
the wave function with a variationally optimized 
phase factor (25). 

In all calculations reported here, we use the 
correlation-consistent aug-cc-pVTZ basis set 
(26, 27) in uncontracted form (denoted un-aug- 
cc-pVTZ). For B on the order of or greater than 
Bo, the anisotropic distortion of the electronic 
distribution by the magnetic field is most eco- 
nomically described using anisotropic AOs, 
with different Gaussian exponents in the parallel 
and perpendicular directions relative to the field 
(28, 29). The isotropic un-aug-cc-pVTZ basis 
that we use is sufficient for an accurate descrip- 
tion of electronic systems in fields up to Bo but 
becomes progressively less suited in stronger fields, 
as the systems become more compact and an- 
isotropic. Selected FCI calculations carried out 
in the larger un-aug-cc-pVQZ basis and in the 
un-aug-cc-pVTZ basis with extra orbitals added 
confirm that the un-aug-cc-pVTZ basis provides 
a qualitatively correct description of the systems 
studied here. 

Because of the shrinking prolate shape of the 
constituent atoms, diatomic molecules become 
smaller and develop an energy dependence on 


A 
HOO ee 
ae lo; (i) 
= To, (ip 100 
3-100} 
€ 
S300 ot 16,4) 
es 


Fig. 2. Orbital energies of the bonding 16, (blue) and antibonding 10; (red) 
Hp orbitals in parallel orientation (solid lines) and perpendicular orientation 
(dashed lines) relative to an external magnetic field. (A) The field-induced 
change in the orbital bonding energy AE,(R, 8, Bo) calculated with a fixed 
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their orientation in a magnetic field, as illustrated 
for the parallel and perpendicular orientations in 
Fig. 1A. In the covalently bound singlet state, the 
electronic energy of H increases diamagnetically 
with increasing field strength (Fig. 1D). More- 
over, the molecule becomes shorter and more 
strongly bound, reflecting a more pronounced 
diamagnetic behavior in the dissociation limit 
than in the united-atom limit. As expected for a 
covalently bound state, the energy is lower in the 
parallel orientation than in the perpendicular 
orientation (Fig. 1A), owing to the greater in- 
teratomic overlap in this orientation. In the polar 
plot for B = Bo (Fig. 1B), we therefore observe 
global minima at inclination angles @ = 0°, 180° 
connected by saddle points at 8 = 90°, 270°. As 
the field increases from 0 to 2.25By (the strongest 
field considered here), the bond distance R, de- 
creases by 24% from 74 to 56 pm, while the 
dissociation energy D, (without the zero-point 
vibrational contribution) increases by 83%, from 
455 kJ mol! to 834 kJ mol '. Because of the 
prolate shape of the atoms, the saddle points 
for rotation occur at a slightly shorter distance 
of 50 pm, with a barrier to rotation of 239 kJ mol '. 

The triplet state 7£\" (16, 10%*) behaves very 
differently from the singlet state. With increasing 
field strength, the energy of the BB triplet com- 
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ponent in Fig. 1E (the ground state for all finite 
fields considered here) is lowered paramagneti- 
cally and the system becomes more compact, as 
expected from the shrinking atomic size. The mol- 
ecule thereby becomes bound, with a preferred 
perpendicular orientation in the field. At B = 
2.25Bo, for instance, the bond distance is 92 pm 
and the dissociation energy 38 kJ mol '. The bar- 
rier to rotation is only slightly lower, 34 kJ mol", 
with saddle points at a large internuclear sep- 
aration of 241 pm. The other two triplet com- 
ponents behave in the same manner but with the 
energy shifted upward by the Zeeman interaction. 
The different shapes of the H, singlet and triplet 
surfaces are immediately apparent from the polar 
plots in Fig. 1, B and C. Although both surfaces are 
distinctively prolate in the field direction, the plots 
reveal two very different states: a fairly isotropic, 
compact singlet state with parallel global minima 
connected by perpendicular saddle points, con- 
trasted with a more anisotropic, diffuse triplet 
state with a larger inaccessible inner region and 
perpendicular minima connected by parallel sad- 
dle points. 

To understand the mechanism responsible for 
the field-induced perpendicular bonding, we ex- 
amine the behavior of the bonding lo, and an- 
tibonding 1o%* orbitals in an external magnetic 
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exponent a = 1 for different internuclear separations R. (B) The field- 
induced change in the orbital bonding energy AE,(R, 8, Bo) calculated 
with an optimized exponent for different internuclear separations R. (C) 
The MO energy level diagram in a magnetic field. 
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Fig. 3. (A) Potential energy curve of He, in the 1¥$ (1o§1oi ) state calculated using FCVun-aug cc-pVTZ theory in parallel orientation (solid lines) and 
perpendicular orientation (dashed lines) for 0 < B < 2.5Bp. (B) Same as (A) for He, in the 3X} (10410126g) state. The energy minimum of each curve is marked 


with a black dot. 
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field. In a minimal basis consisting of two 1s 
Gaussian orbitals of the form given in Eq. 3 
with i= 7 =k=0, the normalized bonding and 
antibonding MOs of H located on the z axis in 
an external field B of arbitrary orientation are 
given by 


-1/2 
log/y = 2 +2 exp] =(l 1 B4 BR’) 


x (Isa + Isp) (4) 


where Is, and Isp are 1s orbitals with exponent 
a on the two atoms, R is the internuclear sep- 
aration, and B, = B,/4a and B, = B,/4a are 
scaled perpendicular field components. There is 
no contribution from B, to the MOs. When R 
tends to zero, these MOs transform smoothly into 
helium AOs of the same exponent: 


lim lo, = 1s (5) 


: p2 2\-1/2 
lim 1o% = (1+ B, +85) / 
x (2p, + iB,2p, ~ iB,2p,) (6) 


Whereas Io, transforms into an Is orbital, 1o* 
transforms into a combination of 2p orbitals. In 
particular, for B = 1, 16% becomes 2po in the 
parallel orientation and 2p_, in the perpendicular 
orientation. In a magnetic field, the 2p_, orbital 
has a lower energy than the 2po orbital (by the 
orbital-Zeeman interaction); therefore, 1o* favors 
a perpendicular orientation relative to the mag- 
netic field. No such orientational preference is 
observed for log, which transforms into the same 
1s orbital in all orientations. By this argument, 
H, adopts a perpendicular orientation in the 
triplet state, with its singly occupied bonding 
and antibonding orbitals. 

Let €,(R, 9, B) be the orbital energy of 6, at 
configuration (R, @) and in the field B, and 
consider the quantity 


AE,(R,O,B) = [E,(R,8,B) — €,(R,0,0)] - 
[E,(,8,B) = E, (20,0,0)| (7) 


which represents the field-induced change in 
the orbital energy €,(R, 8, B) — E,(R, 8, 0) at 


Fig. 4. (A) The FCI and A 
unrestricted Hartree-Fock 
(HF) dissociation curves 
of Hp in the3Z} (16g16y) 
state for B, = 2.25Bo 
calculated in the un-aug- 
cc-pVTZ basis set. (B) 
Same as (A) for He, in 
the 1E} (109160) state for 
B, = 2.5Bo. The Hartree- 
Fock model overestimates 
the bond distances of Hz 
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the molecular configuration (R, 8) relative to 
the change observed in the dissociation limit. 
With a fixed orbital exponent a = 1, we observe the 
expected stabilization of 1o* in the perpendicular 
orientation (and a smaller lo, destabilization in 
the bonding region), and neither stabilization 
nor destabilization in the parallel orientation 
(Fig. 2A). However, when the exponent a is var- 
iationally optimized for each (R, 8) (Fig. 2B), lo, 
is stabilized in the united atom (where the ori- 
entation no longer matters for this orbital), where- 
as 1o* (for which the orientation in the united 
atom matters) is destabilized in the parallel ori- 
entation but further stabilized in the perpendicular 
orientation. These changes lead to the modified 
MO energy level diagram shown in Fig. 2C and 
to the following energy ordering of the lowest 
Hp states in a magnetic field: 


Ey (lo) < Ex (105) $ E, (1og1o%) < Ey (1og10%) 
(8) 


The field-induced bonding of H> in the per- 
pendicular orientation is thus not covalent in 
nature, nor does it depend on dispersion. Instead, 
it arises from a lowering (relative to the atomic 
limit) of the kinetic energy associated with the 
induced paramagnetic rotation of the electron in 
the antibonding orbital. The pivotal role of the 
kinetic energy is confirmed by FCI calculations 
on H); although the field-induced changes in the 
FCI kinetic and electrostatic energies at a given 
(R, 9) are of the same order of magnitude, the ap- 
pearance of a minimum in the dissociation curve 
is almost entirely due to the lowering of the ki- 
netic energy. 

As shown in Fig. 2, the bonding lo, orbital 
favors a perpendicular orientation in a magnetic 
field for intermediate bond distances. In general, 
therefore, the orientation of H, in the triplet state 
depends on a balance between the preference of 
lo, for a parallel orientation and the preference 
of 1o* for a perpendicular orientation. Indeed, for 
B=2.25Bo, the Hz minimum shifts slightly away 
from the perpendicular orientation. Eventually, 
the H> ground state changes from > LI (lo, 1o*) 
to STL, ( log17,), which is covalently bound with a 
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preferred parallel field orientation, as observed 
by Kubo using Hartree-Fock theory (7). 

To demonstrate that the behavior observed 
for H, is a general phenomenon, we have calcu- 
lated the potential energy curves of He in its 
lowest 'X!(lozlo**) singlet (Fig. 3A) and 
7 (10216#26,) triplet (Fig. 3B) states. With- 
out a field, the He, singlet ground state is weakly 
bound by dispersion, with R, = 297 pm and D. = 
0.092 kJ mol! (30). In the field, the energy in- 
creases diamagnetically. Moreover, He. assumes 
a perpendicular orientation, becoming smaller 
and more strongly bound, with a bond distance 
of 94 pm and a dissociation energy of 31 kJ 
mol | at B = 2.5Bo. The nonmonotonic variation 
of the saddle point (in the parallel orientation) 
may be an artifact arising from basis set incom- 
pleteness. In the triplet state, the covalently bound 
He2 molecule behaves similarly to H in the sin- 
glet state. As the field increases to 2.5Bo, the 
molecule aligns with the field and shortens from 
104 pm to 80 pm while the dissociation energy 
increases from 178 kJ mol ' to 655 kJ mol '. In 
the BB component of the triplet, He. becomes 
diamagnetic at B © 2.2Bo. 

We have presented advanced FCI calculations 
on H, and He, in strong magnetic fields and 
explained their behavior in terms of elementary 
concepts of MO theory. To examine the role of 
electron correlation, we compare the FCI and 
Hartree-Fock potential energy curves of triplet 
Hp (Fig. 4A) and singlet He, (Fig. 4B). These 
plots demonstrate that the paramagnetic perpen- 
dicular bonding discussed above does not require 
electron correlation for its qualitative description; 
Hartree-Fock theory, in which electronic inter- 
actions are described in an averaged, mean-field 
manner, recovers all the main effects of para- 
magnetic bonding, underestimating the bond dis- 
tance slightly and the dissociation energy more 
strongly. The bonding is clearly not van der Waals 
in nature, although electron correlation is neces- 
sary for its quantitative description. In short, we 
have identified a distinct mechanism for chemical 
bonding in strong magnetic fields, arising from 
the stabilization of antibonding orbitals in a 
perpendicular orientation relative to the magnetic 
field. This stabilization leads to the bonding of 
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and Hez by 1.5 and 
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the dissociation energies are underestimated by 25 and 49%. The counterpoise corrections for the basis-set superposition error (not added to the plotted curves) 
are 4 k] mol and 2 kJ mol, respectively, for Hy and He, at the equilibrium distances. 
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species of zero bond order, which are either un- 
bound or bound by dispersion in the absence of a 
magnetic field. This bonding is sufficiently strong 
to affect the chemistry of molecules in strong 
magnetic fields. 
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Sulfate Burial Constraints on the 
Phanerozoic Sulfur Cycle 


Itay Halevy,""?* Shanan E. Peters,> Woodward W. Fischer” 


The sulfur cycle influences the respiration of sedimentary organic matter, the oxidation state of 
the atmosphere and oceans, and the composition of seawater. However, the factors governing the 
major sulfur fluxes between seawater and sedimentary reservoirs remain incompletely understood. 
Using macrostratigraphic data, we quantified sulfate evaporite burial fluxes through Phanerozoic 
time. Approximately half of the modern riverine sulfate flux comes from weathering of recently 
deposited evaporites. Rates of sulfate burial are unsteady and linked to changes in the area of 
marine environments suitable for evaporite formation and preservation. By contrast, rates of 
pyrite burial and weathering are higher, less variable, and largely balanced, highlighting a 
greater role of the sulfur cycle in regulating atmospheric oxygen. 


ulfate (SO,” ) is the fourth most abundant 
ion in modern seawater and a major com- 
ponent of the alkalinity budget, which gov- 
erns the pH of seawater (/). Bacterial sulfate 
reduction accounts for ~50% of sedimentary 
organic matter respiration (2), and precipitation 
of pyrite (FeS>) is one of the major exit channels 
of sulfur from the ocean (3). Because reduction 
of riverine sulfate and burial of the sulfide leave 
oxidized products in the ocean-atmosphere sys- 
tem, pyrite burial is considered a major indirect 
source of oxygen to the atmosphere (4, 5). 
Several time series data sets constrain aspects 
of the Phanerozoic sulfur cycle (Fig. 1A). The 
sulfur isotope composition, 5S, of carbonate- 
associated sulfate, sulfate evaporites, and barite 
(BaSO,) records the 5°4S of seawater sulfate, 
whereas the 5°48 of sedimentary pyrite captures 
the products of microbial sulfate reduction (6-8). 
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The chemical composition of fluid inclusions in 
halite constrains the concentration of major ions 
in seawater, including sulfate (9, /0). 

Variability in the 5**S records of seawater 
sulfate and sedimentary pyrite is typically inter- 
preted to reflect changes in the fraction of sulfur 
removed from the oceans as pyrite, fj, Because 
pyrite is depleted in *“S by several percent rel- 
ative to the sulfate reservoir from which it formed, 
times of high seawater sulfate 5*“S are interpreted 
as times of high rates of pyrite burial. By as- 
suming a steady state and constant input mag- 
nitude and 8°4S, or by scaling inputs and outputs 
to modern values, models of the Phanerozoic sul- 
fur cycle explain long-term trends in 5*4S values 
by changes in fj, between ~0.2 and ~0.6 (4, 1/—/3). 
Recognizing that the magnitude and 8*4S of the 
influxes to the ocean have likely varied in time, 
thereby influencing the isotopic record, some mod- 
els included parameterized influxes and solved 
mass balance equations for the outfluxes and the 
value of f,yr (4, 13). The parameterizations are 
uncertain, however, because they are largely based 
on a scaling of modern influxes by debated fac- 
tors, such as the relative rates of seafloor spread- 
ing and continental runoff (/4, 75). 


It is possible to measure the sink of sulfate 
evaporites from seawater and obtain estimates of 
the influx magnitude and Ss by mass balance, 
though previous volume estimates of Phanero- 
zoic evaporites (mostly halite, but some sulfate) 
have been considered too coarse or uncertain to 
accurately constrain past rates of sulfate burial 
(J6-18). We quantified sulfate burial over Phan- 
erozoic time, using a comprehensive macrostrati- 
graphic database (9, 20), which includes 23,843 
lithostratigraphic rock units in 949 geographic 
locations across North America and the Carib- 
bean (NAC). Data were binned by age, and sulfate 
burial rates were obtained by dividing evapo- 
rite volume by bin duration. Macrostratigraphy- 
based estimates of sulfate burial rates are higher 
than those derived from other compilations. This 
is due to the improved spatial and lithological 
resolution of this data set, which includes sedi- 
mentary rocks in the surface and subsurface, and 
many comparatively thin but widespread depos- 
its not included in previous compilations. Nota- 
bly, the NAC burial rates are highly variable, with 
values 2 to 14 times the average occurring mainly 
in Paleozoic intervals (Fig. 1C). 

The macrostratigraphic database currently pro- 
vides comprehensive coverage only in NAC, but 
can be scaled globally (Fig. 1D) by using mech- 
anistic relationships between the observations 
and environmental controls on sulfate evaporite 
deposition (20). The volume-weighted average 
ratio of global to North American sulfate deposit 
volumes is ~8 (/6, 17). In comparison, the area- 
weighted ratio of global to NAC submerged 
continental area in latitudes of net evaporation, 
estimated from paleogeographic reconstructions 
(20, 21), is ~7. This close agreement reflects a 
primary requirement for massive sulfate evapo- 
rite deposition—hydrographic isolation of large, 
marine-fed basins at latitudes of net evaporation 
(22). Such basins are created by rifting, small 
changes in sea level or the development of a 
barrier to circulation (22), often at the shoreward 
edge of submerged continental shelves. Indeed, 
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the long time-scale variability in the burial rate 
data is well explained by the estimated NAC sub- 
merged continental area at latitudes +10° to 50° 
(linear product moment correlation coefficient of 
0.47 at the temporal resolution of the paleogeo- 
graphic reconstructions), and we use this relation- 
ship to derive average global burial rates. We add 
shorter time scale variability to this average using 
correlations between NAC fluxes and the rate of 
change in eustatic sea level (20, 23). Additional 
factors that influence evaporite deposition, such 
as geodynamic controls on basin subsidence and 
climate patterns at the regional-to-local scale (22), 
are not explicitly represented by this scaling meth- 
odology. They are, however, implicitly included 
in the scaling because they have contributed to 
the observed NAC sulfate burial rates (20). 
Intervals of rapid sulfate evaporite burial (NAC 
and global) occur with equal frequency during 
times of high and low marine sulfate concen- 
trations (Fig. 1). This reveals that sulfate burial 
rates were disconnected from changes in the ac- 
tivity product of calcium and sulfate [aCa”“aSO,” ; 
e.g., (13)], which have varied by up to ~15% 
(9, 10). We suggest, instead, that the first-order 
control on sulfate burial was the episodic avail- 


ability of suitable environments in which evap- 
oration of seawater could lead to saturation, 
precipitation, accumulation, and long-term pres- 
ervation of sulfate evaporites. Unsteady sulfate 
burial rates, governed by the interactions between 
sea level, tectonics, and paleogeography, suggest 
that the critical statistic derived from isotope 
mass balance studies, /,,,, convolves information 
regarding the relative activity of sulfate-reducing 
microbiota with the availability of environments 
suitable for sulfate burial. For example, a de- 
crease in the area of shallow seas due to a drop in 
sea level or continental migrations could decrease 
sulfate burial rates and increase f,,,. The rate of 
pyrite burial itself need not change. Scaled glob- 
ally and corrected for the decay of surviving rock 
with time (20), the macrostratigraphic data reveal 
an average Phanerozoic sulfate evaporite burial rate 
of ~3.3 x 10!! to 4.5 x 10! mol year !, depending 
on bin duration. This is only ~10 to 30% of the 
estimated riverine influx of sulfate to the oceans 
[~1.5 x 10'? to 3.5 x 10'? mol year '; (12, 24)], 
implying that the value of f,y, has been ~0.7 to 
0.9 if the sulfur cycle operated close to steady state. 

The macrostratigraphic data motivated us to 
reevaluate models of the sulfur cycle by integrat- 


ing constraints from sulfur isotope measurements 
and sulfate concentration data from fluid inclu- 
sions. In any isotope mass balance model, the 
time-dependent concentration and 5*4S of sea- 
water sulfate can be expressed by two equations 


dM 

ee a 

a Sig= J, = Jp (1) 
ae = Jindin — 5 — Jy(S5- A) (2) 


Here, / is the concentration of seawater sul- 
fate and 8 is its 8°’S value. Jj, is the total influx of 
sulfur to the oceans, with contributions from 
evaporite weathering, oxidative weathering of 
sedimentary and igneous sulfide minerals, and 
volcanic outgassing of sulfur volatiles. The 5*4S 
of this influx, 5;,, depends on the relative con- 
tributions of these three components. J, and J, 
are the burial fluxes of sulfate evaporites and py- 
rite, respectively, and A is the average difference 
(in permil) between the 5*4S of contemporaneous 
sulfate evaporite and pyrite sedimentary sinks. 
The values of M, 5, and A can be constrained by 
5°45 and fluid inclusion data, and J., by macro- 
stratigraphic data. 
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Fig. 1. Observational constraints on the Phanerozoic sulfur cycle. (A) 
Sulfur isotope composition of seawater sulfate and sedimentary pyrite (8), 
and seawater sulfate concentration from fluid inclusions in halite (9, 10). 
Isotope compositions are reported relative to the standard VCDT (Vienna 
Canyon Diablo Troilite). (B) North America and the Caribbean (NAC) sub- 


(shaded envelope). 


merged continental area estimates and the rate of change of global mean 
sea level (23). (C) Estimates of NAC total and per-area sulfate evaporite 
burial rates. (D) NAC sulfate evaporite burial rates scaled to global fluxes 
and corrected for decay of the surviving record (20), including uncertainty 
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It is possible to solve Eqs. 1 and 2 for the 
outputs using the inputs (“parameterized input’) 
or for the inputs using the outputs (‘‘param- 
eterized output’’), and the solutions can be eval- 
uated with independent physical understanding 
of the sulfur cycle. We examined three variants of 
the parameterized input model (20). The first as- 
sumed constant values of Vin, din, and A (17, 12, 24) 
and either a steady state or a dynamic mass 
balance. In the second and third models, we used 
influx parameterizations similar to those of (/8) 
and (/3). We examined three variants of the 
parameterized output model (20). The first is a 
model of constant f,,,. The second, motivated by 
the observation that pyrite burial is common in 
shallow, organic-rich sediments (25), is a model 
in which J, scales with normalized global sub- 
merged continental area. This scaling may be weak 
because although high submerged areas may lead 
to high bacterial sulfate reduction rates, inefficient 
delivery of reactive iron across the shelf could 
limit pyrite burial to near-shore environments 
(26). We therefore considered a third model of 
constant J,. Using the macrostratigraphy-based 
sulfate burial rates as additional constraints, we 
solved Eqs. 1 and 2 for the time-dependent val- 
ues of Ji, and din. 

Of the parameterized output models (Fig. 2, 
A to C), the models of constant fy, yield un- 
realistically low values of Ji, (often lower than 
estimates of the volcanic influx and occasionally 
negative) and wildly varying values of 5;,. The 
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latter is related to the former; if J;, is small, then 
the change in 6;, required to drive an observed 
change in seawater sulfate 5°**S must be large. 
The models of submerged continental area- 
dependent or constant J, yield reasonable values 
of Ji, and low values of 5;, (near the average 
sedimentary pyrite &*4S) that become higher dur- 
ing times of increased J.. This is consistent with 
the idea of rapid sediment recycling (4), where 
low values of 6;, closely follow high relative 
rates of pyrite burial due to oxidative weathering 
of recently deposited pyrite; high 6;, values result 
from weathering of newly deposited sulfates. No- 
tably, dynamic and steady-state solutions diverge 
only during short intervals of rapid change in 
seawater sulfate concentrations, implying that the 
system operates much of the time close to steady 
state. All three parameterized output models, 
when constrained by the macrostratigraphic data, 
indicate high average values of fy, (~0.7 to 0.9). 

The parameterized input models yield values 
of fpyr Similar to those in previous modeling 
studies of the Phanerozoic sulfur cycle (Fig. 2, D 
and F). However, the model of constant 6;, at 
steady state occasionally requires unrealistically 
low values of Jj, to reproduce the 5°4S records 
[Fig. 2E; e.g., 200 Ma (millions of years ago)], 
supporting the notion that the 5°48 value of 
inputs has varied with time. The values of J. 
required for mass balance under the other param- 
eterizations are ~three times as large as our burial 
rate estimates (Fig. 2, E and G, and fig. S1). We 
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hypothesize that this is because parameterizations 
for the sulfate influx into the ocean are calibrated 
to modern riverine fluxes, which are higher than 
the expected long-term average due to the ex- 
posure and weathering of recently deposited evap- 
orites (supplementary text). This notion is supported 
by anomalously high per-area sulfate deposition 
rates obtained from the NAC macrostratigraphic 
compilation during the last 10 million years (Fig. 
1C); by widespread massive Neogene-age (~23 
to 2.6 Ma) evaporites in Europe, Asia, and Africa 
(22, 27-31); and by the recognition that deposi- 
tion rates decrease with increasing observation 
time scale to constant, long-term values (32). This 
implies that the high abundance of Neogene-age 
sulfate evaporites represents gross deposition. Ul- 
timately much of this material will not be pre- 
served, and net deposition rates will converge to 
long-term Phanerozoic rates (33). 

The results presented here describe a Phaner- 
ozoic sulfur cycle in which the majority of net 
inputs and outputs are oxidative weathering and 
burial of sedimentary pyrite, respectively. Over 
the time intervals resolved by our macrostrati- 
graphic data, the long-term value we estimate for 
Jpyr is generally high, and large downward excur- 
sions in its value are associated with high rates of 
sulfate evaporite burial, rather than times of less 
pyrite burial. Although spatial heterogeneity and 
short-time scale variability in the value of /, have 
likely occurred (34), global models of constant or 
slowly varying J, (in response to changes in sub- 
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Fig. 2. Model results. (A) fpy, in the param- 
eterized output models. (B and C) J;, and 8;, 
required for mass balance constrained by time 
series in Fig. 1. (D) fpy, in the constant-input 
models. (E) J. calculated with the dynamic 
model (mass balance) compared to the macro- 
stratigraphic data, and Jin (=Jous) required to 
reproduce seawater sulfate 5°“S in the steady- 
state model. (F) fy, in the parameterized input 
models. (G) J. calculated by mass balance com- 
pared to the macrostratigraphic data. Shaded 
envelopes reflect uncertainty in J, estimates 
(see Fig. 1). 
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merged continental area) yield results that are con- 
sistent both internally and with existing observations 
of seawater sulfate concentration and &*'S. Large 
and stable pyrite weathering and burial fluxes 
highlight the importance of oxidation-reduction 
feedbacks between carbon, iron, and sulfur (24) 
and imply a greater role for the sulfur cycle in 
regulating Phanerozoic atmospheric oxygen. 
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Rapid Variability of Seawater Chemistry 
Over the Past 130 Million Years 


Ulrich G. Wortmann?* and Adina Paytan?* 


Fluid inclusion data suggest that the composition of major elements in seawater changes 
slowly over geological time scales. This view contrasts with high-resolution isotope data 
that imply more rapid fluctuations of seawater chemistry. We used a non-—steady-state 
box model of the global sulfur cycle to show that the global 8°“S record can be explained 
by variable marine sulfate concentrations triggered by basin-scale evaporite precipitation 
and dissolution. The record is characterized by long phases of stasis, punctuated by 

short intervals of rapid change. Sulfate concentrations affect several important biological 
processes, including carbonate mineralogy, microbially mediated organic matter 
remineralization, sedimentary phosphorous regeneration, nitrogen fixation, and sulfate 
aerosol formation. These changes are likely to affect ocean productivity, the global 


carbon cycle, and climate. 


of skeletal limestones and biogenic car- 

bonates vary systematically through time, 
indicating that the Mg/Ca ratio as well as other 
constituents of seawater have also changed (/). 
Fluid inclusion studies are also consistent with 
variable magnesium, calcium, sodium, and sul- 
fate concentrations through time (2, 3). Several 
hypotheses have been proposed to explain these 
secular trends, including changes in global weath- 
ering patterns (4), sea-floor spreading rates (5), or 
burial rates of these elements (6). 


T: chemical composition and mineralogy 
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Evaporites play an important role in the lat- 
ter process because their precipitation/dissolution 
rates exceed those of other sediments by three 
orders of magnitude (7, 8). Halite is the domi- 
nant evaporite phase, but the effect of halite 
precipitation/dissolution on seawater chemistry 
is limited because the marine Na‘ and CI reser- 
voirs are large (~ 6.47 x 10°° and 7.5 x 107° mol 
respectively). Sulfur-bearing evaporites (such as 
CaSO.) comprise on average 20% of an evap- 
orite sequence (9) but have a 20 times smaller 
marine reservoir size than that of Cl’. 

The role of sulfur-bearing salts in controlling 
seawater chemistry is often overlooked. In the 
modern ocean, pyrite burial is not limited by 
sulfate availability (/0), and the strong link be- 
tween pyrite burial rates and sulfate concentration 
has just recently been recognized (//). Further- 
more, basin-scale evaporites (BSEs) occur only 


sporadically in the geologic record and are not 
always visible, and the chemical composition 
of seawater does not depend on the mass of ex- 
isting evaporites (Fig. 1A) but on the amount of 
salts that have already been eroded (Fig. 1B) 
and/or were originally extracted (Fig. 1C). The 
past 130 million years saw only two BSE events 
(Fig. 1C): one caused by the desiccation of the 
Mediterranean during the Messinian (/2), and 
the second related to the Early Cretaceous opening 
of the South Atlantic (//, /2). 

Until recently, all available data supported the 
assumption of slow secular changes to major 
seawater constituents and their related biogeo- 
chemical fluxes. However, as the temporal reso- 
lution of proxy data increases, it becomes evident 
that the rate of change is often faster than ex- 
pected from the residence time of major species. 

High-resolution data sets of seawater 5°4S 
record two major events, at 130 to 120 million years 
ago (Ma) and 55 to 45 Ma, that require large 
changes to the S-fluxes and/or their isotopic com- 
position. Previous interpretations of the 5*4S 
record called for changes in the planetary de- 
gassing flux and/or S burial rates (6). Clearly, 
volcanic activity and pyrite burial are major pa- 
rameters, but we propose to broaden the discourse 
by including the effects of evaporite precipitation 
and dissolution. If these processes occur on a 
basin-wide scale, they will modify the flux and 
5°48 of the sulfur input/output and change the 
marine sulfate concentration, which in turn af- 
fects pyrite burial in a nonlinear way (//), further 
affecting seawater isotopic composition. Under 
modern conditions, this effect is negligible. How- 
ever, with decreasing sulfate concentrations, the 
importance of sulfate availability increases until 
it becomes the dominant parameter controlling 
pyrite burial (//). 
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Here, we evaluate the effect of basin-scale 
precipitation/dissolution events, consider the evi- 
dence for such a scenario, and discuss alternative 
explanations for the existing data. 

We used a non-steady-state box model of the 
global S-cycle to investigate how precipitation/ 
dissolution events affect the weathering fluxes 
of 32g 34g. and the sulfate concentration of the 
ocean, which in turn controls the burial fluxes of 
*S and 4S (7 3). Our model demonstrates that 
we can match the first-order shape of the marine 
3S record (Fig. 2) with two events: the dep- 
osition of a BSE between 122 and 120 Ma and 
the dissolution of a BSE between 51 and 47 Ma 
(1.02 x 10'° mol and 1.97 x 10’? mol CaSOx, re- 
spectively) (fig. S2), which are well within ex- 
isting estimates of known BSE deposits (Fig. 1). 

The timing and magnitude of the evaporite 
sequences in the South Atlantic are well doc- 
umented (/4, /5), and the decrease in seawater 
sulfate concentration is supported by geo- 
chemical data that suggest decoupling between 
iron and sulfur burial during the Early Aptian 
(1). BSEs affecting seawater 5°48 at this time is 
consistent with multiple lines of evidence, 
although increased volcanic activity also may 
have contributed to the trend (/6, 17). 

For an Eocene dissolution event, much of the 
direct evidence has been literally dissolved; 
however, large swaths of the Paleotethys margins 
are lined with massive evaporite deposits of lat- 
est Neoproterozoic to Early Cambrian (LNPEC) 
age, likely formed during the breakup of Rodinia 
and/or Pannotia. The known outcrops stretch 


from Oman to Iran, to Afghanistan, to Pakistan, 
and into western India (9). This area is the most 
extensive evaporite belt on Earth and contains 
large amounts of sulfate (9), the erosion of which 
could explain the Eocene event. 

However, evaporite erosion is usually treated 
as a continuous process—an assumption that is 
problematic because the long-term preservation 
of salt requires burial below the regolith-forming 
zone, and reactivation does not occur before re- 
newed exhumation. More specifically, studies on 
modern dissolution processes suggest that the 
highest dissolution rates are achieved if evapo- 
rites act as aquifer with an active flow regime (/8). 
Accordingly, the reactivation of old evaporites 
requires gentle tilting, sufficient precipitation, 
and efficient drainage. It is unlikely that such 
conditions persist over geological time scales in 
convergent margin settings. Therefore, the BSE 
deposits presently found along the Paleotethys 
margin probably experienced a window of dras- 
tically increased weathering rates during the ini- 
tial phases of the India Eurasia collision, which 
occurred between 53.7 to 50.6 Ma (/9, 20). These 
ages are in agreement with the age range pre- 
dicted by our model for evaporite dissolution and 
input into the ocean (51 to 47 Ma). If we accept 
the idea of BSE dissolution/precipitation events, 
this implies that marine sulfate concentrations 
changed considerably during the Early Cretaceous 
and the Early Eocene. The predicted sulfate con- 
centrations are within the range of values derived 
from fluid inclusion studies (Fig. 2). Further- 
more, the increased number of Eocene formations 
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that contain gas-hydrate—related seep carbonates 
can be explained by the sudden availability of 
sulfate—a prerequisite for anaerobic methane 
oxidation and the subsequent precipitation of 
seep carbonates. 

A prior model to explain the rapid Eocene 5 
per mil (%o) raise in seawater 8°4S proposed 
that global pyrite burial rates increased four- 
fold as a result of euxinic conditions in the 
wake of the Eocene sea-level rise (6). The 
sedimentary evidence for increased pyrite 
burial is, however, controversial (2/). 

If the formation and dissolution of large- 
scale evaporite deposits is episodic as we suggest, 
this has several important consequences. Spe- 
cifically, the salinity estimates (/2) for much of 
the Phanerozoic have to be revised because large 
amounts of the LNPEC evaporites remained 
stored until the Eocene collision of India and 
Eurasia, and we need to recognize that the ma- 
jor ion composition of seawater varies consid- 
erably faster than previously thought. In addition, 
the dissolution and precipitation of large evap- 
orite sequences affects the distribution of co- 
precipitating elements (such as strontium) and 
exerts a major control on the skeletal chemistry 
of calcifying organisms, possibly controlling the 
transition from calcite to aragonite seas (22). 
Furthermore, low sulfate concentrations imply 
reduced rates of organic matter remineralization, 
which affects the bioavailability of phosphorous, 
whereas sulfate concentrations above 8 mM may 
inhibit nitrogen fixation (23). Accordingly, vari- 
able sulfate concentrations are likely to modulate 
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long-term trends in marine ecology and ocean 
fertility (24). Indeed, the low sulfate concentra- 
tion throughout the Mesozoic (//) may have 
been the very condition that enabled widespread 
episodes of black-shale formation (25) and prob- 
ably resulted in higher methane fluxes across 
the benthic boundary layer (//). Moreover, be- 
cause the ocean is a major source for sulfate 
aerosols, lower marine sulfate concentrations 
could have affected atmospheric aerosol chem- 
istry, as well (26). Thus, times of high sulfate 
concentrations correlate with an increased aero- 
sol load and global cooling, whereas times of 
low marine sulfate concentrations correspond 
with greenhouse periods. Specifically, the rapid 
rise of the marine sulfate concentrations during 
the Early Eocene probably increased the aerosol 
load in the atmosphere, which may have con- 
tributed to the demise of the Eocene Climatic Op- 
timum and the onset of the long-term Cenozoic 
cooling trend. 

Much remains to be learned about the con- 
tribution of BSEs to the evolution of ocean chem- 
istry. It is evident, however, that the sheer size 
of these deposits as well as their dissolution/ 
precipitation kinetics must have affected marine 
sulfate concentrations and thus the biogeochem- 
ical cycling of carbon, oxygen, and phosphorous. 
Most importantly, the assumption of slow secular 
seawater chemistry changes is neither necessary 
nor likely. Rather, sulfate concentrations 
remained stable over long periods of time but 
changed rapidly when continental breakup or 
collision events resulted in the creation or 
destruction of BSE deposits. This provides an 
explanation of the existing seawater S-isotope 
data, as well as exciting linkages between sulfur 
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and other biogeochemical cycles, long-term 
trends in evolution, ocean fertility, and climate. 
Although this study focuses on the past 130 
million years, similar interactions have likely 
occurred throughout the Phanerozoic. 
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Identifying Influential and Susceptible 
Members of Social Networks 


Sinan Aral* and Dylan Walker* 


Identifying social influence in networks is critical to understanding how behaviors spread. 

We present a method that uses in vivo randomized experimentation to identify influence and 
susceptibility in networks while avoiding the biases inherent in traditional estimates of social contagion. 
Estimation in a representative sample of 1.3 million Facebook users showed that younger users are 
more susceptible to influence than older users, men are more influential than women, women influence 
men more than they influence other women, and married individuals are the least susceptible to 
influence in the decision to adopt the product offered. Analysis of influence and susceptibility together 
with network structure revealed that influential individuals are less susceptible to influence than 
noninfluential individuals and that they cluster in the network while susceptible individuals do not, 
which suggests that influential people with influential friends may be instrumental in the spread of this 


product in the network. 


social sciences. Scholars in disciplines as 

diverse as economics, sociology, psychol- 
ogy, finance, and management are interested in 
whether children’s peers influence their education; 
whether workers’ colleagues influence their pro- 
ductivity; whether happiness, obesity, and smok- 
ing are “contagious”; and whether risky behaviors 
spread via peer influence. Answers to these ques- 
tions are critical to policy because the success of 
intervention strategies in these domains depends 
on the robustness of estimates of the degree to 
which contagion is at work during a social epi- 
demic (/, 2). Robust estimation of peer effects is 
also critical to understanding whether new so- 
cial media technologies magnify peer influence 
in product demand, voter turnout, and political 
mobilization or protest. 

The recent availability of population-scale net- 
worked data sets generated by e-mail, instant mes- 
saging, mobile phone communications, and online 
social networks enables novel investigations of 
the diffusion of information and influence in net- 
works (3—9). Unfortunately, identifying influence 
in these networks is difficult because estimation 
is confounded by homophily [the tendency for 
individuals to choose friends with similar tastes 
and preferences (/0, //), and thus for preferences 
to be correlated among friends], confounding 
effects (the tendency for connected individuals 
to be exposed to the same external stimuli), and 
simultaneity (the tendency for connected indi- 
viduals to co-influence each other and to behave 
similarly at approximately the same time), among 
other factors (/, 2, 10, 12-17). Although some 
new methods separate peer influence from 
homophily and confounding factors in observa- 
tional data (//), controlling for unobservable fac- 
tors such as latent homophily (correlation among 
unobserved drivers of preferences among friends) 


P= effects are empirically elusive in the 
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remains difficult without exogenous variation in 
adoption probabilities across individuals (/8). For- 
tunately, randomized experiments provide a more 
robust means of identifying causal peer effects in 
networks (19-22). 

One particularly controversial argument in 
the peer effects literature is the “influentials” 
hypothesis—the idea that influential individuals 
catalyze the diffusion of opinions, behaviors, in- 
novations, and products in society (23, 24). De- 
spite the popular appeal of this argument, a variety 
of theoretical models suggest that susceptibility, 
not influence, is the key trait that drives social 
contagions (25-29). Little empirical evidence ex- 
ists to adjudicate these claims. Understanding 
whether influence, susceptibility to influence, or 
a combination of the two drives social contagions, 
and accurately identifying influential and sus- 
ceptible individuals in networks, could enable 
new behavioral interventions to affect obesity, 
smoking, exercise, fraud, and the adoption of 
new products and services. 

We conducted a randomized experiment to 
measure influence and susceptibility to influ- 
ence in the product adoption decisions of a rep- 
resentative sample of 1.3 million Facebook users. 
The experiment involved the random manipula- 
tion of influence-mediating messages sent from 
a commercial Facebook application that lets users 
share information and opinions about movies, 
actors, directors, and the film industry. As users 
adopted and used the product, automated no- 
tifications of their activities were delivered to 
randomly selected peers in their local social net- 
works. For example, when a user rated a movie 
on the application, a randomly selected subset 
of the user’s Facebook friends were sent a mes- 
sage notifying them of the rating with a link to 
the canvas page describing the application and 
instructions on how to adopt it. Because mes- 
sage recipients were randomly selected, treated 
and untreated peers of the application user dif- 
fered only by the number of randomized mes- 
sages they received. Estimates of influence and 
susceptibility were obtained by modeling time 


REPORTS 


to peer adoption as a function of the peer’s treat- 
ment status—whether influence-mediating mes- 
sages had been received, and if so, how many. 
An influence-mediating message generally refers 
to any communication between peers that could 
conduct influence (/9, 30), such as wearing a 
logo advertising a brand or recommending a 
product to a friend. 

The experiment was conducted over 44 days 
during which 7730 product adopters sent 41,686 
automated notifications to randomly chosen tar- 
gets among their 1.3 million friends. This resulted 
in 976 unique peer adoptions, or a 13% in- 
crease in demand for the product relative to the 
number of initial adopters (see tables S1 to S4 
and figs. S1 to S4). 

Our method avoids several known sources 
of bias in influence identification by randomly 
manipulating who receives influence-mediating 
messages. First, we avoid selection bias by random- 
izing whether and to whom influence-mediating 
messages are sent (table S5). In uncontrolled en- 
vironments, users may choose to send messages 
to peers who are more likely to like the product 
or to listen to their advice, which confounds esti- 
mates of susceptibility to influence by oversam- 
pling recipients who are more likely to respond 
positively. Second, our method eliminates bias 
created by homophily or assortativity in net- 
works by randomizing the receipt of influence- 
mediating messages. Even latent homophily is 
controlled because similarity in unobserved at- 
tributes is equally represented across treatment 
groups. Third, the method controls for unob- 
served confounding factors, because randomly 
chosen peers are equally likely to be exposed to 
external stimuli that affect adoption (such as ad- 
vertising campaigns or promotions). Fourth, the 
automatically generated messages include iden- 
tical information, eliminating heterogeneity in 
message content and valence, which are known 
to affect responses to social influence (3/). Dif- 
ferences in adoption between treatment groups 
can then be attributed solely to the number of 
influence-mediating messages they received. 

Our statistical approach used hazard model- 
ing, which is the standard technique for estimat- 
ing social contagion in economics, marketing, and 
sociology [e.g., (32)]. However, we extended ex- 
isting techniques to distinguish two types of peer 
adoption: (i) spontaneous adoption, which oc- 
curs in the absence of influence, and (ii) influence- 
driven adoption, which occurs in response to 
persuasive messages. This extension is impor- 
tant because even in the absence of influence, 
adoption outcomes cluster among peers as a con- 
sequence of homophily, assortativity, simultaneity, 
and correlated effects (//, 12). We estimate 
the average treatment effects of notifications 
by aggregating many individual experiments in 
which messages were randomized within the 
local networks of the original adopting users 
(tables S6 and S7). 

To estimate the moderating effects of an 
individual 7’s attributes on the influence exerted 
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by i on peer / (and to distinguish them from the 
moderating effects of j’s attributes on j’s sus- 
ceptibility to influence), we use a continuous- 
time single-failure proportional hazards model. 
Survival models provide information about 
how quickly peers respond (rather than simply 
whether they respond) and also correct for cen- 
soring of peer responses that may occur beyond 
the experiment’s observation window. We speci- 
fy the following model: 


Ay(t,Xi,Xj,N) = o(t) exp[Nj(DBy + XiBooont + 


(1) 


where A; is the hazard of peer j of application 
user 7 adopting the application (each peer / is 
associated with one and only one application 
user 7), Ao(t) represents the baseline hazard, X; 
represents a set of individual attributes of an ap- 
plication user i, X; represents a set of individual 
attributes of peer j, Nj(d) represents the number 
of notifications received by peer j of applica- 
tion user 7 as a function of time, N; (4) reflects the 
extent to which j has been exposed to influence- 
mediating messages from user i, By estimates the 
effect of receiving a notification on the likeli- 
hood of peer adoption (holding sender and po- 
tential recipient attributes constant), Biss estimates 
the propensity for peers of user 7 with attributes 
X; to spontaneously adopt in the absence of in- 
fluence (N; = 0), Bison estimates the propensity 
for peer 7 with attributes X; to spontaneously 
adopt in the absence of influence (Nj = 0), Bina 
estimates the impact of user 7’s attributes on 7’s 
ability to influence peer j to adopt the applica- 
tion above and beyond j’s propensity to adopt 
spontaneously, and B.us- estimates the impact of 
J's attributes on /’s likelihood to adopt as a result 
of influence above and beyond j’s propensity to 
adopt spontaneously (for alternative specifica- 
tions, robustness, and goodness of fit, see table 
S8 and figs. S5 to $12). 

Models of dyadic (two-party) relationships 
between influencers and potential susceptibles 
test whether influence depends on character- 
istics of the relationship between a given pair— 
for example, whether women are more influ- 
ential over men than men are over women. To 
estimate the effect of dyadic relationships, we 
use the following continuous-time single-failure 
proportional hazards model: 


XBepont + N,(t)Xi Bina a N; (2)X;Beuscl 


Ay(t,Xi,Xj,N;) = Ao(t) exp[Nj(4)By + 


S(XiX))BoGon + Nj()S(XiX))Bing] (2) 


where X; represents a set of the individual at- 
tributes of the sender, X; represents a set of the 
individual attributes of peer j (the potential re- 
cipient), and S(X;, X;) represents a set of dyadic 
covariates that characterize the joint attributes 
of the sender-recipient pair. Dyadic covariates 
estimate, for example, whether influence is stron- 


ger when the sender and recipient are the same 
or different genders. B,,ont estimates the effect 
of a dyadic relationship between application 
user 7 and peer j on the tendency for / to adopt 
spontaneously. For example, when the dyadic 
relationship variable is an indicator of similarity 
(such as “same age”), Bspont captures the extent 
to which similarity on that dimension predicts 
the likelihood to spontaneously adopt, and rep- 
resents the propensity to adopt as a result of 
preference similarity and other explanations for 
correlations in adoption likelihoods between 
peers that are not a result of influence. Bing es- 
timates the effect of the dyadic attribute (e.g., 
“same age”) on the degree to which 7 influences 
J to adopt, above and beyond ’s likelihood to 
spontaneously adopt. 

On average, susceptibility decreases with age 
(Fig. 1). People over the age of 31 are the least 
susceptible to influence; relative to people who 
do not declare their age, they have an 18% lower 
hazard of adopting the application upon receiv- 
ing a notification (P < 0.05; the statistical signif 
icance of all estimates is derived from ° tests). 
However, people in this same age quartile (>31) 
are significantly more influential than people in 
the lowest age quartile (<18). Relative to people 
younger than 18, people over 31 have a 51% 
greater instantaneous likelihood of influencing 


their peers to adopt with an influence-mediating 
message (P < 0.05). 

Men are 49% more influential than women 
(P < 0.05), but women are 12% less suscep- 
tible to influence than men (P < 0.05). Single 
and married individuals are the most influen- 
tial. Single individuals are significantly more 
influential than those who are in a relationship 
(113% more influential, P < 0.05) and those who 
report their relationship status as “It’s compli- 
cated” (128% more influential, P < 0.05). Mar- 
ried individuals are 140% more influential than 
those in a relationship (P < 0.01) and 158% more 
influential than those who report that “It’s com- 
plicated” (P < 0.01). Susceptibility increases 
with increasing relationship commitment until 
the point of marriage. People who are engaged 
to be married are 53% more susceptible to in- 
fluence than single people (P < 0.05), whereas 
married individuals are the least susceptible to 
influence (P = 0.93, n.s.). The engaged and 
those who report that “It’s complicated” are the 
most susceptible to influence. Those who re- 
port that “It’s complicated” are 111% more sus- 
ceptible to influence than baseline users who 
do not report their relationship status on Face- 
book (P < 0.05), and those who are engaged 
are 117% more susceptible than baseline users 
(P < 0.001). 


Influence and Susceptibility 
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Fig. 1. Effects of age, gender, and relationship status on influence and susceptibility. Influence (dark 
gray) and susceptibility to influence (light gray) are shown with SEs (boxes) and 95% confidence intervals 
(whiskers). The figure displays hazard ratios (HRs) representing the percent increase (HR > 1) or decrease 
(HR < 1) in adoption hazards associated with each attribute. Age is binned by quartiles. Each attribute is 
shown as a pair of estimates, one reflecting influence (dark gray) and the other susceptibility (light gray). 
Personal relationship status reflects the status of an individual's current romantic relationship and is 
specified on Facebook as Single, In a Relationship, Engaged, Married, or It's Complicated. Estimates are 
shown relative to the baseline case for each attribute, which is the average for individuals who do not 


display that attribute in their online profile. 
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People exert the most influence on peers of 
the same age [97% more influence than base- 
line (P < 0.01)] (Fig. 2). They also seem to 
exert more influence on younger peers than on 
older peers, although this difference is not sig- 
nificant. In nondyadic susceptibility models, we 
found that women were less susceptible to influ- 


ence than men (Fig. 1). Dyadic models (Fig. 2) 
further revealed that women exert 46% more in- 
fluence over men than over other women (P = 
0.01). Finally, individuals in equally (and more) 
committed relationships relative to their peers 
(e.g., those who are married versus those who are 
engaged, in a relationship, or single) are signif- 


Dyadic Peer-to-Peer Influence 
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Fig. 2. Dyadic influence models involving age, gender, and relationship status. The results include the 
relative age, gender similarity, and commitment level of the relationship status of senders and re- 
cipients, with SEs (boxes) and 95% confidence intervals (whiskers). The figure displays hazard ratios 
representing the percent increase (HR > 1) or decrease (HR < 1) in adoption hazards associated with 
each attribute. The baseline case represents dyads in which the attribute being examined is unre- 
ported in the Facebook profile of one or both peers. 
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icantly more influential [equally committed, 70% 
more influential than baseline (P < 0.05); more 
committed, 101% more influential than baseline 
(P <0.05)], although future work will be needed 
to determine whether there is something “differ- 
ent” about people who do not provide some in- 
formation (e.g., age) (table S1). 

Comparing spontaneous adoption hazards 
to influenced adoption hazards reveals the po- 
tential roles that different individuals play in 
the diffusion of a behavior (Fig. 3). For exam- 
ple, in the case of the movie product we studied, 
both single and married individuals adopt spon- 
taneously more often than baseline users [single, 
31% more often (P < 0.05); married, 36% more 
often (P = 0.06)], are more influential than base- 
line users [single, 71% more influential (P < 
0.01); married, 94% more influential (P < 0.001); 
Fig. 1], and have peers who are no more likely 
to adopt spontaneously than baseline users (P = 
0.39 and 0.08; n.s.). This suggests that influence 
exerted by single and married individuals 
positively contributes to this product’s diffusion 
without any need to target their peers. On the 
other hand, women are poor candidates for tar- 
geted advertising because they are likely to adopt 
spontaneously and are 22% less influential on 
their peers than baseline users (P < 0.05). Those 
who claim that their relationship status is com- 
plicated are easily influenced by their peers to 
adopt [35% more susceptible than baseline (P < 
0.05)] but are not influential enough to spread 
the product further (P = 0.49; n.s.). These results 
have implications for policies designed to 
promote or inhibit diffusion, and they illustrate 
the general utility of our method for informing 
intervention strategies, targeted advertising, and 
policy-making. 

Figure 4 shows the joint distributions of in- 
fluence and susceptibility in a network, reveal- 
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Fig. 3. (A) Hazard ratios for individuals to adopt spontaneously as a func- 
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ing the correlation of influence and susceptibility 
across all individuals and the assortativity of 
influence and susceptibility across all individ- 
uals and their peers in the network. We calcu- 
lated individual influence and susceptibility scores 
as the product of the estimated hazard ratios of 
individuals’ attributes for a broader sample of 
12 million users with 85 million relationships. 
The analysis combines the estimated impact of 
each demographic attribute on influence and sus- 
ceptibility to calculate individuals’ overall influ- 
ence and susceptibility scores. For example, a 
35-year-old single female has an influence score 
equal to exp(Bing, >31 + Bina, single + Bing, femate)- 
The following inferences can be drawn from our 
results: 

1) Highly influential individuals tend not to 
be susceptible, highly susceptible individuals tend 
not to be influential, and almost no one is both 
highly influential and highly susceptible to in- 
fluence (Fig. 4, panel I). This implies that influ- 
ential individuals are less likely to adopt the 
product as a consequence of natural influence 
processes (i.e., in the absence of targeting); hence, 
targeting influentials with low propensities to 
spontaneously adopt would be a potentially vi- 
able promotion strategy. 


Ego Influence 


Ego Influence 


“05 


2) The “influentials” and “susceptibles” 
hypotheses are orthogonal claims. Both influ- 
ential individuals and noninfluential individu- 
als have approximately the same distribution 
of susceptibility to influence among their peers; 
hence, being influential is not simply a conse- 
quence of having susceptible peers (Fig. 4, 
panel II). Both influence and susceptibility play 
a role in the peer-to-peer diffusion of the product. 
Combining studies of influence with studies of 
susceptibility will therefore likely improve our 
understanding of the diffusion of behavioral 
contagions. 

3) There are more people with high influ- 
ence scores than high susceptibility scores (Fig. 
4, panel I), which suggests that, in our context, 
targeting should focus on the attributes of cur- 
rent adopters (e.g., giving individuals incentives 
to influence their peers) rather than attributes of 
their peers (e.g., giving individuals with suscep- 
tible peers incentives to adopt). 

4) Influentials cluster in the network. As 
shown in Fig. 4, panel III, influential individuals 
connected to other influential peers are approx- 
imately twice as influential as baseline users. In 
contrast, we find a tendency for less suscepti- 
ble users to cluster together and no clusters of 
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highly susceptible users (Fig. 4, panel IV). The 
clustering of influentials suggests the existence 
of a multiplier effect of infecting a highly influ- 
ential individual. However, such individuals also 
tend to have peers with only average susceptibil- 
ity, making predictions about which effect would 
dominate difficult without more evidence. Addi- 
tional empirical and simulation studies should 
therefore examine the effects of the assortativity 
of influence and susceptibility on the diffusion 
of behaviors, products, and diseases. 

Analyzing the heat maps in Fig. 4 is not 
sufficient to identify optimal intervention targets, 
because more information is needed about the 
network structure around candidate targets in 
each region. For example, an individual with 
high influence and high peer susceptibility in the 
upper right quadrant of in Fig. 4, panel II, may 
seem like a good target, but may be of low de- 
gree or may be isolated. The network diagrams 
to the left of the heat maps show the assorta- 
tivity of influence and susceptibility in ego 
networks from different regions combined with 
information on their network structures, such as 
network degree and the distribution of influence 
and susceptibility across peers in the network. 
Analyzing networks in different regions of the 
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Fig. 4. Scores for 12 million Facebook users (collected from users who in- 
stalled one of several other Facebook applications developed by the company) 
with 85 million relationships are calculated by means of hazard rate estimates 
relative to the baseline hazard in the influence and susceptibility model 
described in the text. The resulting heat maps are shown at the right. Panel | 
displays the percentage of people (ego) with predicted influence (y axis) and 
predicted susceptibility (x axis). Panels II to IV display the percentage of ego- 
peer relationships: panel II, ego influence (y axis) and peer susceptibility (x 
axis); panel III, ego influence (y axis) and peer influence (x axis); and panel 
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IV, ego susceptibility (y axis) and peer susceptibility (x axis). The heat maps 
do not provide information on network structure, which can be important for 
informing targeting decisions. The diagrams to the left of the heat maps 
show the assortativity of influence and susceptibility in ego networks drawn 
from the regions of the heat maps labeled A, B, C, and D. Nodes in the 
networks are sized in proportion to their predicted influence (larger nodes 
are more influential) and are shaded and placed relative to their predicted 
susceptibility (redder nodes and nodes closer to ego are more susceptible; 
grayer nodes and nodes farther from ego are less susceptible). 
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heat maps, such as those displayed in Fig. 4, can 
suggest optimal targets. For example, node C is 
not only highly influential, highly susceptible, 
and has peers who are themselves influential and 
susceptible, but is also of above average degree 
in its region and has many peers who are suscep- 
tible rather than one highly susceptible peer 
driving the average susceptibility in its network. 
These characteristics in combination make C a 
good target. 

Our method uses randomized experiments 
to identify influential and susceptible individu- 
als in large social networks; however, the work 
does have limitations. Although we avoid bias 
by randomizing message recipient selection and 
holding message content constant, recipient se- 
lection and message content may be important 
aspects of influence and should therefore be 
estimated in future experiments. Furthermore, it 
is still not clear whether influence and suscep- 
tibility are generalized characteristics of indi- 
viduals or instead depend on which product, 
behavior, or idea is diffusing. Although our es- 
timates should generalize to the diffusion of sim- 
ilar products, they are not conclusions about who 
is more or less influential in general. Our experi- 
mental methods for influence identification, how- 
ever, are generalizable and can be used to measure 
influence and susceptibility in the diffusion of 
other products and behaviors in a variety of 
settings. 

Previous research has taken an individualis- 
tic view of influence—that someone’s impor- 
tance to the diffusion of a behavior depends only 
on his or her individual attributes or personal 
network characteristics. In contrast, our results 
show that the joint distributions of influence, 
susceptibility, and the likelihood of spontane- 
ous adoption in the local network around indi- 


viduals together determine their importance to 
the propagation of behaviors. Future research 
should therefore examine how the codistribution 
of influence, susceptibility, and dyadic induction 
in networks affects the diffusion of behaviors, the 
development of social contagions, and the effects 
of policies intended to promote or contain be- 
havior change. More generally, our results show 
the potential of methods based on large-scale in 
vivo randomized experiments to robustly esti- 
mate peer effects and identify influential and 
susceptible members of social networks. 
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Sex-Specific Adaptation Drives Early 
Sex Chromosome Evolution 


in Drosophila 


Qi Zhou and Doris Bachtrog* 


Most species’ sex chromosomes are derived from ancient autosomes and show few signatures of 
their origins. We studied the sex chromosomes of Drosophila miranda, where a neo-Y chromosome 
originated only approximately 1 million years ago. Whole-genome and transcriptome analysis 
reveals massive degeneration of the neo-Y, that male-beneficial genes on the neo-Y are more likely 
to undergo accelerated protein evolution, and that neo-Y genes evolve biased expression toward 
male-specific tissues—the shrinking gene content of the neo-Y becomes masculinized. In contrast, 
although older X chromosomes show a paucity of genes expressed in male tissues, neo-X genes 
highly expressed in male-specific tissues undergo increased rates of protein evolution if haploid in 
males. Thus, the response to sex-specific selection can shift at different stages of X differentiation, 
resulting in masculinization or demasculinization of the X-chromosomal gene content. 


and Y chromosomes follow distinctive 
evolutionary trajectories after recom- 
bination becomes suppressed between 


ancestral homologous autosomes with a sex- 
determining function (/). The lack of recombi- 
nation greatly impairs natural selection on the 


Y, which loses most of its original genes and of- 
ten accumulates repetitive DNA (2). However, 
Y chromosomes are not complete evolution- 
ary dead ends; instead, their male-limited trans- 
mission favors the gain of male-related genes 
(“masculinization’’). Low gene density yet enrich- 
ment of male-specific genes is shared among 
many independently evolved ancient Ys (3, 4), 
but few traces of their evolutionary origins re- 
main, making processes involved in Y degen- 
eration little understood. Conversely, the X still 
recombines in females, and selection can effec- 
tively purge deleterious alleles and incorporate 
beneficial mutations (2). Unlike autosomes, the 
X is transmitted more often through females than 
males, favoring an underrepresentation of male- 
beneficial genes on the X (“demasculinization’”’) 
(5, 6). Further, almost all X-linked genes are 
haploid in males (hemizygous) and can fix re- 
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cessive male-advantageous alleles more easily 
than can autosomes (7), potentially leading to 
masculinization. These aspects of X chromo- 
some biology dictate unusual and sometimes 
opposing patterns of sequence and expression 
evolution (8) but are difficult to distinguish in 
ancestral systems. 

The genome of Drosophila fly species can be 
divided into a set of homologous chromosomal 
arms called “Muller elements” (9). Chromosomal 
fusions between the ancient sex chromosomes 
(Muller-A element, referred here as “‘chrXL” and 
“chrY”) with autosomes have repeatedly gen- 
erated younger secondary sex chromosomes. 
Male Drosophila lack meiotic recombination 
(9); thus, Y-fused autosomes (neo-Ys) cannot 
recombine with their homologs (neo-Xs), which 
sets the stage for sex chromosome differentia- 
tion. D. miranda harbors two such successive 
fusions that created sex chromosomes of differ- 
ent ages (Fig. 1A) (/0). Muller-D became sex- 
linked before the divergence of D. miranda and 
D. pseudoobscura roughly 10 to 18 million years 
ago and resembles the ancestral sex chromo- 
somes; the non-recombining Muller-D element 
is almost completely degenerated and now part 
of the heterochromatic Y (//), whereas its re- 
combining counterpart (“chrXR”’) evolved an 
architecture typical of an X (5, /2). Another 
fusion specific to D. miranda involves Muller-C 
element (referred as “neo-X” and “neo-Y”) and 
occurred only about | million years ago (/3). This 
very young sex-chromosome system is in the 
process of evolving from a pair of ordinary 
autosomes to a pair of heteromorphic sex chro- 
mosomes. Cytogenetic studies and investigations 
of individual genes or genomic regions have re- 
vealed that the D. miranda neo-Y is intermedi- 
ately degenerate (/0, 14-16), rendering the neo-X 
partially hemizygous. 

We conducted a whole-genome analysis 
of the neo-sex chromosomes, integrated with 
transcriptomes from multiple tissues using next- 
generation sequencing technology. We sequenced 
both sexes of an inbred D. miranda strain (MSH22), 
and assembled scaffolds were anchored onto 
the D. pseudoobscura genome (table S1) (/7). 
We annotated a total of 14,819 proteins for the 
D. miranda genome, using 16,133 D. pseudoobs- 
cura proteins as queries. We assessed the quality 
of our assemblies using bacterial artificial chro- 
mosome clone sequences and 454 data (table S3) 
and validated our chromosomal assignments 
by comparing male and female mapping cov- 
erage along each chromosome (Fig. 1B). Cover- 
age of male and female coincides well along the 
autosomes, whereas both chrXL and chrxXR 
show only about half as many reads mapped in 
males as in females (Fig. 1B and table S4), in- 
dicating that their homologous ancient Ys are 
too degenerate to show any significant sequence 
similarity. In contrast, male coverage along the 
neo-X is about three quarters that of females, 
suggesting that parts of the neo-Y are highly di- 
verged from the neo-X. Of the neo-X sequence, 
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Fig. 1. (A) The reconstructed 
evolutionary history of D. miranda 
sex chromosomes. The ancestral 
sex chromosome chrXL (red) fused 
to Muller-D element, creating 
chrXR (green), and the unfused 
element became part of the het- 
erochromatic ancestral chrY (black). 
In D. miranda, Muller-C subse- 
quently fused to chrY, creating a 
neo-Y chromosome (fused Muller-C 
element, dark brown) and a neo-X 
(unfused Muller-C element, light 
brown). (B) Shown are coverage (mapped 
read counts every 50-kb region) and single- 
nucleotide polymorphism (SNP) density (sites 
per kilobase) derived separately from male 


and female genomic reads in a 5-kb sliding window across the D. miranda genome. The high male SNP 
density along the neo-X (male, 3.696 versus female, 0.080 sites per kilobase) reflects divergence between 


the neo-X and neo-Y chromosomes. 


71.8% can be aligned with the neo-Y, with 1.5% 
(+0.00093%) nucleotide divergence between 
aligned regions. Coding regions are under stron- 
ger selective constraint and exhibit a higher align- 
ment rate (92.6%) and lower divergence between 
the neo-X and neo-Y (1.1% + 0.18%). 

We compared protein-coding regions to 
gain insights into the process of gene loss of a 
Y. The neo-X and neo-Y are derived from a 
gene-rich autosome, with initially identical gene 
sets (10): 2951 genes with intact open reading 
frames (ORFs) could be annotated on the neo-X, 
whereas only 1941 intact ORFs were identified 
on the neo-Y. The remaining 1010 genes that 
were ancestrally present on the neo-Y (34.2%) 
are probably nonfunctional: 848 ORFs are dis- 
rupted by premature terminal codons (PTC) and/or 
frame-shift mutations, and 162 genes are partially 
or completely deleted from the neo-Y (Fig. 2A) 
(17). No spatial clustering of nonfunctional genes 
was detected on the neo-Y (Fig. 2B). 

Severely disabling mutations have also ac- 
cumulated in regulatory regions on the neo-Y. 


We compared allelic expression of 2165 neo-sex 
linked genes in males that were expressed from 
the neo-X: 883 genes (40.8%) show similar levels 
of expression from both chromosomes, where- 
as 947 (43.7%) are expressed at a significantly 
higher level from the neo-X, and 335 genes (15.5%) 
are neo-Y—biased (binomial test, P< 0.05), where- 
as 220 genes (10.2%) with a transcribed neo-X 
copy are completely silenced on the neo-Y. A 
large fraction of neo-Y genes is still transcribed, 
despite having disrupted ORFs: 83.0% of all neo-Y 
genes with nonsense mutations are transcribed, 
yet at a significantly lower level than that of 
genes with intact neo-Y ORFs (Wilcoxon test, 
P < 2.2 x 10''°) (Fig. 2B). This implies that 
down-regulated genes either tend to acquire non- 
sense mutations or that pseudogenes become 
transcriptionally silenced on the neo-Y but could 
also reflect up-regulation of the neo-X copy at 
nonfunctional neo-Y genes (dosage compensation) 
(12). Gene loss is nonrandom with regard to 
gene function. Nonfunctional and down-regulated 
genes on the neo-Y are significantly enriched for 
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Fig. 2. (A) Composition of A B 
neo-Y genes with regard to 

inferred functionality (green, intact ORF —_ 
intact ORFs and detectable _ but silenced, 
expression in adult male; gray, 4.8% 
disrupted ORF and/or silenced 

expression; and yellow, genes 

without neo-X expression or 

without diagnostic SNPs). (B) 

The chromosomal distribution 

of nonfunctional genes across 

a sliding window size of 20 

genes (black line). Average 

neo-X expression bias within 

the investigated window was 0 
calculated from log ratios of 5.5% 

neo-X versus neo-Y expres- 
sion for functional (green) and Cc ee 
nonfunctional (gray) genes. 
Functional neo-Y genes show 
significantly less neo-X—biased 
expression than do nonfunc- 
tional genes (boxplot, P < 
2.2 x 107°, Wilcoxon test). 
(©) Evolutionary rate compar- 
isons (K,/K, ratios relative 
to D. pseudoobscura) among 
genes on different chromo- 
somes. Wilcoxon tests show 
significant differences in K,/K, ee POs we” Se 
ratios between neo-X versus srs ao 
neo-Y genes, genes with in- oe” 

tact neo-Y copies with versus 

without expression (P = 0.000242), and disrupted versus intact transcribed neo-Y genes (P = 2.971 x 10°”). Different levels of significance are marked as asterisks. 
(D) The frequency distribution of K,/K, ratios of neo-X and neo-Y genes. 
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various gene ontology (GO) categories of pri- 
mary metabolic processes (such as GO 0046165, 
0016042, and 0006094), whereas genes involved 
in regulatory (GO 0050789 and 0048519) or 
developmental processes (GO 0032502) tend to 
maintain nonbiased expression and intact ORFs 
(one-tailed Fisher’s exact test, P < 0.01) (tables 
S5 and S6). Thus, although natural selection is 
impaired on the neo-Y, it tends to maintain haplo- 
insufficient genes (such as regulatory genes), 
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= © beneficial & ¢ detrimental their functions within 1 million years. 


Deleterious mutations with more subtle ef- 
fects also accumulate on the neo-Y. We calcu- 
lated pairwise rates of nonsynonymous (K,) and 
synonymous changes (K,), and their ratios (@), 
using D. pseudoobscura as an outgroup. Genes 
on the neo-Y evolve significantly faster than do 
their neo-X homologs or genes on other chro- 
mosomes at both synonymous and nonsynon- 
ymous sites (Wilcoxon test, P < 0.01) (table S7). 
Selection to maintain codon usage bias is re- 
Fig. 3. (A) Sex-specific fitness effects and sexual antagonism of neo-sex genes (light blue, male-fitness | duced in D. miranda (19); thus, patterns of syn- 
related; light red, female-fitness related; dark blue, male-beneficial/female-detrimental; dark red, female- | onymous changes (K,) should largely reflect 
beneficial/male-detrimental). Significance is evaluated by comparing all neo-sex genes to either fast mutational differences. Although neo-Y genes 
evolving or nonfunctional neo-Y genes (*P < 0.05, **P < 0.01). (B) The number of neo-X—biased (red), generally show lower codon bias (table S7), this 
neo-Y—biased (blue), and nonbiased (green) genes in different tissues of male D. miranda. difference is not statistically significant between 
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the neo-X and neo-Y or between functional and 
nonfunctional neo-Y genes (Wilcoxon test, P > 
0.05). Thus, the contribution of codon bias selec- 
tion to elevated K, patterns appears limited and 
instead may reflect male-driven evolution (20). 
Neo-Y genes with disrupted ORFs evolve signif- 
icantly faster at the protein level than do those 
with intact ORFs (Wilcoxon test, P=2.97 x 10°") 
(Fig. 2C), and intact but silenced neo-Y genes 
evolve significantly faster than do those still ex- 
pressed from the neo-Y (Wilcoxon test, P= 2.42 x 
10+) (Fig. 2C). This suggests that neo-Y genes 
with disrupted ORFs or silenced expression are 
subject to little selective constraint, and we clas- 
sified all these genes as nonfunctional in subse- 
quent analysis (fig. S4) (77). The distribution of 
@ at neo-Y genes is shifted toward neutral evo- 
lution ( = 1), and the proportion of genes under 
strong selective constraints (@ < 0.1) is greatly 
reduced as compared with neo-X genes (15.02 
versus 38.78%) (Fig. 2D). This pattern is con- 
sistent with an accumulation of mildly deleteri- 
ous amino acid mutations at many neo-Y loci. 
Decay in gene function is the primary but 
not only force driving early Y evolution. Y chro- 
mosomes are limited to males, and genes found 
on ancient Ys often have male-specific function 
(3, 4). It is unclear whether male-related genes 
only accumulate on old, gene-poor Ys, where 
adaptive mutations experience little interference 
from segregating deleterious mutations, or wheth- 
er masculinization accompanies early stages of 
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Y evolution, and thus contributes to degenera- 
tion through hitchhiking effects (fixations of 
deleterious mutations linked to strongly bene- 
ficial alleles) (2). To explore whether adaptive 
evolution for male-function is operating on neo-Y 
genes, we performed maximum-likelihood anal- 
ysis of the lineage-specific @ ratio of all func- 
tional neo-sex genes (/7). We identified 312 
transcribed genes evolving significantly faster 
on the neo-Y lineage (as compared with 66 genes 
evolving faster on the neo-X lineage; likelihood 
ratio test, P < 0.05) and evaluated whether this 
set of functional neo-Y genes shows character- 
istics of male-specific selection. Recently acquired 
male-limited inheritance releases sexually antag- 
onistic male-beneficial/female-detrimental muta- 
tions from counter selection in females, and such 
genes may show increased rates of adaptive evo- 
lution on the neo-Y. We classified orthologous 
D. miranda genes according to a sexual antag- 
onism scheme proposed for D. melanogaster 
(table S8) (2/) and found a significant enrichment 
of male-beneficial/female-detrimental genes or 
genes correlated with male-specific fitness among 
the fast-evolving neo-Y genes (Fisher’s exact 
test, P< 0.05) (Fig. 3A). These gene categories 
are not enriched among nonfunctional genes, 
indicating that male-beneficial genes are under 
selective constraint on the neo-Y and that male- 
specific selection is driving adaptive protein 
evolution at some neo-Y genes. Genes related 
to male fitness are more likely to be functional 
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Fig. 4. (A) The observed/expected ratio of genes highly expressed (top 500; fig. $7 for different cutoffs) 
in testis or accessory glands. (B) Log-based absolute expression levels [fragments per kilobase of exon 
per million fragments mapped (FPKM)] from ovary for each chromosome (fig. $7). (C) The w ratio on the 
neo-X branch at hemizygous and diploid neo-X genes. 


on the neo-Y, whereas genes classified as female- 
beneficial/male-detrimental are enriched for 
genes with disrupted ORFs or silenced expres- 
sion (Fig. 3A). This suggests that although selec- 
tion operates to maintain male-beneficial genes, 
those harming males are actively removed from 
the neo-Y. Transcriptome analysis of male-specific 
organs (testis and accessory gland) versus male 
somatic carcass tissues (removing these organs) 
provides additional evidence for masculinization. 
In all tissues, the majority of genes show neo-X— 
biased expression. However, testis and accessory 
glands harbor about twice as many genes with 
neo-Y—biased expression as compared with that 
of male somatic carcass (Fisher’s exact test, P < 
0.05) (Fig. 3B), caused by up-regulation of the 
neo-Y alleles (fig. S5) (77). Also, functional neo-Y 
genes in D. miranda have evolved significant- 
ly increased expression-specificity in accessory 
glands (relative to male somatic carcass tis- 
sues) as compared with that of their orthologous 
D. pseudoobscura genes (figs. S6 and S7) (17). 
Further, genes with significant neo-Y—biased ex- 
pression are enriched for male reproductive GO 
terms, including “insemination,” “copulation,” and 
“reproductive process” (GO 0007320, 0007620, 
and 0022414) (table S11). Thus, although most 
neo-Y genes undergo degeneration, a subset ac- 
quires or improves male-related functions. The 
absence of sexual conflicts on a male-limited chro- 
mosome enables male-specific adaptation and 
may appreciably contribute to Y degeneration 
through the hitchhiking effect (22). 

Evolutionary forces on an evolving X chromo- 
some can operate in opposite directions. Female- 
biased transmission will favor female-specific genes 
and disfavor male-beneficial genes. Old X chro- 
mosomes in Drosophila contain a deficiency of 
genes expressed in male-specific tissue (5, 6). In 
D. miranda, both chrXL and chrXR show a clear 
under-representation of testis and accessory gland 
genes (Fisher’s exact test, P < 0.05) (Fig. 4A), 
and ovary expression is higher for genes located 
on chrXL and chrXR (Wilcoxon test, P < 0.05) 
(Fig. 4B) (17). Thus, an X chromosome becomes 
fully demasculinized and feminized within 10 to 
18 million years in Drosophila (5). No chromo- 
some-wide changes in overall expression patterns 
in sex tissues are observed on the neo-X (Fig. 4, 
A and B), and its origin may be too recent for a 
large turnover of gene content to have taken 
place. Young X-linked genes in Drosophila tend 
to be male-biased (23), possibly because of the 
fixation of recessive, male-beneficial mutations, 
and demasculinization appears to happen over 
longer evolutionary time periods. In D. miranda, 
approximately half of the neo-X genes have no 
functional neo-Y homologs (they are hemizy- 
gous) and might show different evolutionary 
dynamics than those with functional neo-Y 
copies (diploid neo-X genes). We find that 
hemizygous genes evolve significantly faster at 
their neo-X branch than do diploid ones (median 
w ratios of 0.1416 versus 0.0997, Wilcoxon test, 
P = 0.0005187) (Fig. 4C). If male-beneficial 
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adaptation drives elevated protein evolution at 
hemizygous neo-X genes, this pattern should 
be more pronounced for genes expressed highly 
in a male-specific tissue. Indeed, hemizygous 
(but not diploid) neo-X genes show a sig- 
nificant positive correlation between their ab- 
solute expression levels in accessory gland and 
@ ratios (F-statistic comparing diploid versus 
hemizygous neo-X genes, P< 0.05) (/7), anda 
similar trend is observed for expression levels in 
testis but not somatic genes (fig. S11) (77). Thus, 
masculinization occurs on hemizygous neo-X 
loci, whereas demasculinization and feminization 
dominate on chrXL and chrXR. Gene loss, gain, 
and movement appear as the dominant mech- 
anisms for depleting male genes on the X (5), and 
differences in dominance and rates could contrib- 
ute to the observed temporal dynamics of mascu- 
linization and feminization/demasculinization. 
Recessive male-beneficial amino acid substi- 
tutions might accumulate relatively quickly in 
hemizgyous neo-X genes, whereas gene content 
turnover removing male genes might proceed 
slowly over longer time periods. Also, demascu- 
linization might result from cellular processes that 
only operate on older X chromosomes, such as 
dosage compensation or silencing of the X during 


spermatogenesis (24, 25). Overall, a variety of — 
and sometimes opposing—evolutionary forces op- 
erate on evolving sex chromosomes because of 
common sexual conflicts. 
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Hypoxia Triggers Meiotic Fate 
Acquisition in Maize 


Timothy Kelliher* and Virginia Walbot* 


Evidence from confocal microscopic reconstruction of maize anther development in fertile, mac 
(excess germ cells), and mscal (no germ cells) flowers indicates that the male germ line is multiclonal 
and uses the MAC1 protein to organize the somatic niche. Furthermore, we identified redox status as 

a determinant of germ cell fate, defining a mechanism distinct from the animal germ cell lineage. 
Decreasing oxygen or H,0, increases germ cell numbers, stimulates superficial germ cell formation, 
and rescues germinal differentiation in msca1 flowers. Conversely, oxidizing environments inhibit 
germ cell specification and cause ectopic differentiation in deeper tissues. We propose that hypoxia, 
arising naturally within growing anther tissue, acts as a positional cue to set germ cell fate. 


ost animals sequester germline stem 
Me during embryogenesis (/, 2), where- 

as plants are strictly vegetative until in- 
trinsic and environmental cues trigger reproduction 
(3, 4). The morphogenetic mechanism underly- 
ing the somatic-to-germinal switch is a botan- 
ical mystery, which if understood would permit 
tailored manipulations in crop breeding and yield 
enhancement. 

The angiosperm male germ line develops in 
immature anthers, within each of four lobes sur- 
rounding a central vasculature (5), viewed trans- 
versely as a butterfly shape (fig. S1). We tracked 
cellular ontogeny in three-dimensional recon- 
structions of ~1000 fertile anthers by confocal 
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microscopy, finding that anther length is a pre- 
cise and reliable proxy for developmental stage. 
In 70- to 120-m-long anthers, each lobe con- 
sisted of 15 to 20 isodiametric L2-d (layer 2— 
derived, tracing back to the second meristem 
layer) cells, haphazardly arranged with 3 to 5 cells 
in transverse view (fig. S2). Starting at 120 um 
and continuing for 30 hours to ~220 um, succes- 
sive, symmetric divisions in different L2-d pro- 
genitors yielded a column of 8 to 12 presumptive 
germinal cells, initiating centrally where lobes 
are widest and completing at the tapered tip 
and base (Fig. 1A and figs. S3 and $4). The ma- 
jority of these presumptive archesporial cells de- 
rived from apical progenitors [63%, 67 out of 
106 (67/106)], but 21% were lateral (22/106), 
and 16% were basal (17/106) (Fig. 1B). There- 
fore, in a fertile lobe, all L2-d cells can generate 
presumptive archesporial cells, which are cen- 
tral in transverse view, surrounded by four or 


five L2-d neighbors. Initially these presumptive 
germ cells lacked the well-established (6) mor- 
phological traits of premeiotic cells, but ~12 hours 
after birth, archesporial cells were distinguished 
from neighboring L2-d cells by their enlarged 
and nonrectilinear shape, dimly mottled cyto- 
plasmic stain, and 2-um-wide unstained bound- 
ary. Differentiated archesporial cells contained 
elevated amounts of MAC1 protein, a molecular 
marker for fate acquisition (Fig. 1C) (7). 
Shortly after archesporial cell enlargement in 
the transverse view, encircling L2-d cells began 
dividing periclinally, founding the secondary pa- 
rietal layer and endothecium. This process begins 
centrally at ~180 um, and a full somatic bilayer is 
constituted by ~280 um. In multiple archesporial 
cells 1 (mac1) male sterile anthers, the bilayer is 
replaced by a single faulty layer and excess ar- 
chesporial cells (8). In primordia (<120-um an- 
ther length) and later developmental stages, mac/ 
lobes had extra L2-d cells, including supernu- 
merary central cells, all of which differentiated 
as archesporial (Fig. 1A and fig. S5). The en- 
circling ring of L2-d cells generated additional 
archesporial cells for 24 hours after normal ces- 
sation (Fig. 1, A and D), never forming the so- 
matic bilayer. Once specified, mac/ archesporial 
cells proliferated excessively: 30% were EdU+ 
(5'-ethynyl-2'-deoxyuridine) versus 12% in 
fertile anthers (fig. S6). When analyzed by 
quantitative real-time polymerase chain reaction 
(qRT-PCR), Mac/ transcripts were low in anther 
primordia; expression increased 20-fold during 
germinal specification (anther length, 150 1m) 
and was highly specific to laser-microdissected 
archesporial cells both 1 and 3 days after 
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specification (Fig. 1E). MAC1 is a secreted 
ligand (7); homologs in rice and Arabidopsis bind 
leucine-rich repeat receptor-like kinases (9—//), 
defining a signaling module. We conclude that 
MACT has two roles: (i) autonomously limiting 
the proliferation of multipotent L2-d cells and 
their archesporial derivatives, and then (1i) di- 
recting the L2-d ring to exit multipotency, dif- 
ferentiate as somatic, and make the signature 
periclinal division to form the somatic bilayer. 
Distinctive receptors or intracellular events in 
archesporial and L2-d cells may facilitate dif- 
ferential interpretation of the MAC1 signal from 
the archesporial source. 

Despite excess proliferation and the absence 
of normal soma, mac/ archesporial cells fol- 
lowed normal gene expression patterns in prep- 
aration for meiosis: of the 297 genes identified 
by transcriptome profiling as archesporial cell— 
enriched in fertile anthers (/2), 96.7% had parallel 
expression in microdissected mac/ archesporial 
cells (table S1). mac/ archesporial cells started 
meiosis, but arrested in prophase I (8). The normal 
maturation of mac/ archesporial cells indicates 
independence from somatic tissues for specifi- 
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epidermis 
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cation, multiple mitoses, and meiotic entry (/3). 
Germinal independence contrasts with animal 
spermatogenesis, where meiotic entry depends on 
a functional somatic niche (/4). 

Having shown that archesporial cells use 
MAC to organize the somatic niche, we con- 
sidered the preceding step: how multipotent L2-d 
cells acquire an archesporial fate. In male sterile 
converted anther I (msca1) anthers, centrally po- 
sitioned presumptive archesporial cells failed to 
progress and instead made longitudinal divisions 
and differentiated as vasculature (fig. S7). We 
conclude that mscaz/ is epistatic to mac1, because 
vascular bundles were observed in mac! mscal 
anthers (fig. S8). Furthermore Mac/ transcripts 
were low in msca/ anthers, confirming that in- 
creased expression is an archesporial cell attri- 
bute (Fig. 1E). MSCA1, a glutaredoxin, is a redox 
regulator that uses glutathione to reduce di- 
sulfide bridges in target proteins; it is in a plant- 
specific clade that regulates transcription factor 
activity (/5). 

Redox status affects many plant developmen- 
tal processes, including the placement of root 
transition zones (/6). During archesporial cell 


specification, the tassel is tightly encased within 
a whorl of not—yet-photosynthetic leaves, rapidly 
growing organs with high metabolic demand. 
Using a needle-borne O, probe inserted into the 
airspace (~1 cm*) between the tassel and the 
innermost leaf (fig. S9), we found 1.2 to 1.4% O» 
hypoxic atmosphere (n = 5 plants) during ar- 
chesporial cell specification; this condition was 
transient, because 5 days later O. was >5%. 
Administering gases through hoses threaded 
into the leaf whorl modulated Oz concentration 
(fig. S9); the probe registered 0% with Nz and 
exceeded 30% (maximal capacity) with O>. After 
48 hours, both manipulations resulted in excess 
cell proliferation (Fig. 2, A and B), but only N> 
increased the representation of central cells (Fig. 
2C), all of which differentiated as archesporial, 
phenocopying early mac/ (Fig. 2, C and F). The 
ratio of archesporial to total L2-d cells is inform- 
ative (Fig. 2D): In No, ratios were significantly 
elevated during late archesporial cell specifica- 
tion (Student’s ¢ test, P < 0.01) but decreased 
later, reflecting precocious somatic bilayer forma- 
tion (Fig. 2E); whereas O, depressed ratios and 
delayed bilayer formation. Results were con- 
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Fig. 1. Anther development in fertile and maci anthers. (A) Longitudinal 
confocal images (top) and transverse Z-stack reconstructions (bottom) of 
fertile and mac1 male sterile anther development. Numbers indicate an- 
ther length in micrometers. (B) Lines indicate lobe positions, and per- 
centages represent the frequency of archesporial cell births. (C) MAC1 
immunohistolocalization shows diffuse protein distribution in L2-d cells 
of early lobes (left) and enrichment in differentiated archesporial cells 
(right). (D) Presumptive and differentiated archesporial cell counts in mac1 


and fertile anthers (asterisks indicate P < 0.05). (E) Quantification of mac1 
transcript by qRT-PCR. (Inset) Cellular composition of laser-microdissected 
anthers. Differentiated archesporial cells are highly enriched in Mac1 tran- 
scripts 1 day (300 jum) and 3 days (700 um) after specification. AR, arche- 
sporial; VT, vasculature; CT, connective tissue; EPI, epidermis; EN, endothecium; 
TA, tapetum; ML, middle layer; purple arrows, AR-generative divisions; white 
arrowheads, periclinal divisions generating SPL and EN; green arrowheads, 
anticlinal divisions. Scale bar, 15 um. 
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firmed by gas administration directly via needles 
(Fig. 2, G and H, and fig. S10) and by injection of 
hydrogen peroxide (H2O) and the peroxide 


scavenger potassium iodide (KI) (Fig. 2, land J, rial cell counts. 


and fig. S12). Compressed air and needle punc- 
ture were used as controls, because wounding 
alone slightly increased total L2-d and archespo- 
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The manipulation of redox status could trig- 
ger archesporial cell fate outside of anther lobes, 
a feature never seen in ~1000 untreated anthers. 
4.4% of 1490 treated anthers had ectopic arche- 
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Fig. 2. (A to F) Internal composition after 48-hour N> and O35 application via 
hoses. (A) Both gases increased total cell counts, and (B) most cells were 
somatic. (C) N> gas resulted in about a threefold increase in presumptive and 
differentiated archesporial cells, as compared to Oz gas and no treatment. (D) 
The ratio of central archesporial cells to total L2-d cells was lower in O2-treated 
anthers than in untreated anthers, whereas N>-treated anthers had much 
higher ratios that dropped later during somatic bilayer formation. (E) Bilayer 
formation was measured as a proportion of L2-d somatic ring cells on the lobe 
arch that had divided periclinally. (F) Transverse reconstructions of single 
lobes in gas treatments. White arrowheads, periclinal divisions; purple dots, 
archesporial cells. Scale bar, 20 um. (G and H) Cellular composition after 48- 
hour gas application via needle. All needle treatments resulted in excess pro- 


anther length in micrometers 


liferation and excess archesporial cells; thus, compressed air was used as a 
control. (G) Central presumptive + differentiated archesporial counts were 
significantly higher in Nz and slightly lower in O2 as compared to compressed 
air. (H) The ratio of central archesporial cells to total L2-d cells is high in N2 
early, dropping later from precocious somatic development. (I and J) In the 
chemical injections, needle puncture alone caused proliferation and excess 
archesporial cells versus untreated anthers, and served as a control. (I) KI 
promoted and H20> inhibited central archesporial cell counts at all stages versus 
control. (J) This led to increased ratios in KI and depressed ratios in H202, with 
precocious bilayer formation lowering the ratio in KI in the final size class. Error 
bars are + SD (n > 10 plants). Asterisks represent significance compared to 
control by Student's t test (P < 0.01). See figs. S10 to $13 for additional data. 
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sporial cells, 3.0% in oxidizing and 6.3% in re- 
ducing treatments. Archesporial cell location was 
significantly biased in oxidizing treatments for 
the connective and vascular tissues (x7 = 9.82, 
P < 0.005) (Fig. 3A and table S3). This prefer- 
ence for internal locations may reflect an intrinsic 
capacity for deeper tissues to achieve hypoxia 
during oxidizing treatments. Reducing treatments 
showed a significant but opposite bias: 17% of 
ectopic archesporial cells were internal, whereas 
83% were epidermal or subepidermal 62 = 7.62, 
P<0.01) (ig. 3, B and C, and table S2). 

Although single ectopic archesporial cells oc- 
curred, more commonly an archesporial cell clus- 
ter wove randomly through the anther. Oriented 
divisions in surrounding cells were reminiscent 
of somatic bilayer formation. Ectopic archespo- 
rial cells were observed in treated mac/ anthers, 
but surrounding cells did not organize into bi- 
layers (Fig. 3D), indicating that ectopic arche- 
sporial cells require MAC1 to generate a niche. 
Reductive but not oxidizing treatments rescued 
archesporial cell specification in mscal anthers 
(Fig. 3E and fig. S14): 9.5% of KI-treated and 
37% of sodium nitroprusside (SNP)Htreated mscal 
anthers had archesporial cells. Like KI, SNP low- 
ers HzO, levels (/7), indicating that a reductive 
environment suffices to modify the unidentified 
target(s) of MSCA1, causing archesporial cell 
formation. 

Genetic evidence supports a key role for 
reactive oxygen species (ROS) management 
to sustain fertility. Loss-of-function mutants of 
anther-expressed glutaredoxins, including maize 
mscal and rice microsporeless1, are male sterile 
(18-21), indicating that excessive ROS cause 
sterility. Transcriptome profiling of microdissected 
archesporial cells demonstrated preferential ex- 
pression of genes that lower ROS, support re- 


ducing capacity, and contribute to alternative 
metabolism (table S4). The last set indicates that 
archesporial cells might bypass the mitochondrial 
electron transport chain, minimizing damaging 
ROS (22) and reducing mutational load and cel- 
lular disruption in the germinal population (23). 

Collectively, microscopic reconstructions and 
experimental manipulations of redox refute the 
prevailing lineage model of anther development 
that asserts that a monoclonal germinal lineage 
is founded by a singular asymmetric cell division 
in each lobe (3, 4). We propose that early anther 
lobes in maize are composed of equivalent, mul- 
tipotent L2-d cells expressing MAC1, MSCA1, 
and its archesporial fate—determining target(s). 
In this model, MSCA 1-mediated events are trig- 
gered in central lobe cells by hypoxic conditions, 
which arise naturally during plant growth. These 
archesporial cells would then increase MAC1 
expression to repress their own proliferation and 
instruct L2-d neighbors to adopt somatic fates. 
These events proceed from the center, where 
lobes are widest, toward the anther base and tip, 
resulting in a multiclonal archesporial cell col- 
umn encircled by two somatic rings just 40 hours 
after the first presumptive archesporial cell birth. 
Concomitantly, anthers have more than doubled 
in length from both continual anticlinal division 
in somatic cells and substantial archesporial cell 
expansion. 

In contrast, vertebrates and ecdysozoa es- 
tablish germline stem cells before gastrulation 
through either lineage or inductive mechanisms. 
Even in basal animals, multipotent cells compe- 
tent to form both germ-line and somatic niches 
are sequestered embryonically (2). Rarely, an 
adult germ line can be generated from somatic 
neoblasts, as in regenerating planaria (24). Any 
of the early anther somatic cells can acquire a 


Fig. 3. Ectopic archesporial cell and bilayer formation. (A) O2 needle treatment with archesporial cells 
near vasculature. (B) to (D) Nz needle treatment with (B) a single epidermal archesporial cell, (C) an 
ectopic archesporial cell cluster, and (D) a single ectopic archesporial cell in mac, missing the somatic 
layer—adding divisions. (E) 20 1M SNP injected into msca1 caused ectopic archesporial cell formation in 
the lobe vascular bundle. In (A) to (C) and (E), white arrowheads indicate somatic divisions, with new cell 
walls built to add layers surrounding the archesporial cell(s). In all panels, red dots indicate archesporial 
cells. Scale bar, 10 um. 


premeiotic fate after redox manipulation, illus- 
trating the plasticity of plant development and 
the capacity to reprogram cell fate based on envi- 
ronmental conditions. As an example, reducing 
treatments increased proliferation in the L2-d cell 
pool, placing more cells in the center of lobes, 
where archesporial cell fate specification nor- 
mally starts. An emerging theme in studies of 
mammalian stem cells is that maintenance of a 
hypoxic niche is critical for stem cell prolifer- 
ation and function (25-27), a striking parallel 
to the specification of anther germinal cells. Mul- 
ticellularity evolved in a hypoxic aqueous envi- 
ronment, and we speculate that animal and plant 
stem cells retain a dependence on this physio- 
logical status. 


References and Notes 
. C. G. Extavour, M. Akam, Development 130, 5869 (2003). 
. C. Juliano, G. Wessel, Science 329, 640 (2010). 
. C. L. Hord, H. Ma, Plant Cell Monogr. 9, 361 (2008). 
. P. A. Bedinger, J. E. Fowler, in Handbook of Maize: 
Its Biology, ]. L. Bennetzen, S. C. Hake, Eds. (Springer, 
New York, 2009), pp. 57-77. 
5. R. B. Goldberg, T. P. Beals, P. M. Sanders, Plant Cell 5, 
1217 (1993). 
6. L. C. Boavida, J. D. Becker, J. A. Feijd, Int. J. Dev. Biol. 
49, 595 (2005). 
7. R. C.-J. Wang et al., Development 139, 2594 (2012). 
8. W. F. Sheridan, E. A. Golubeva, L. |. Abrhamova, 
I. N. Golubovskaya, Genetics 153, 933 (1999). 
9. X. Feng, H. G. Dickinson, Dev 137, 2409 (2010). 
10. C. Albrecht, E. Russinova, V. Hecht, E. Baaijens, 
S. de Vries, Plant Cell 17, 3337 (2005). 
11. X. Feng, H. G. Dickinson, Trends Genet. 23, 503 (2007). 
12. G.-L. Nan et al., BMC Plant Biol. 11, 120 (2011). 
13. T. Kelliher, V. Walbot, Dev. Biol. 350, 32 (2011). 
14. J. L. Leatherman, S. Dinardo, Nat. Cell Biol. 12, 806 (2010). 
15. M. C. Albertson et al., U.S. patent 7915478 (2011). 
16. H. Tsukagoshi, W. Busch, P. N. Benfey, Cell 143, 606 (2010). 
17. J. W. Wang, J. Y. Wu, Plant Cell Physiol. 46, 923 (2005). 
18. G. Bertoni, Plant Cell 23, 3562 (2011). 
19. S. Li et al., Plant Cell 21, 429 (2009). 
20. J. Murmu et al., Plant Physiol. 154, 1492 (2010). 
21. L. Hong et al., Plant Cell 24, 577 (2012). 
22. Q. Chen, E. J. Vazquez, S. Moghaddas, C. L. Hoppel, 
E. J. Lesnefsky, J. Biol. Chem. 278, 36027 (2003). 
23. G. Miller, V. Shulaev, R. Mittler, Physiol. Plant. 133, 481 
(2008). 
24. J. Baguiid, E. Sald, C. Auladell, Development 107, 
77 (1989). 
25. M. V. Gustafsson et al., Dev. Cell 9, 617 (2005). 
26. B. Keith, M. C. Simon, Cell 129, 465 (2007). 
27. S. J. Morrison et al., J. Neurosci. 20, 7370 (2000). 


BWNP 


Acknowledgments: Supplementary figures, tables, and 
experimental procedures are available on Science Online. 

We thank R. Wang for MAC1 immunohistolocalization, 

B. Marchant for tassel treatments, D. Tollenor for oxygen 
measurements, and R. Egger and W. James Nelson for 
discussions. Transcriptome data were deposited in the Gene 
Expression Omnibus (accession no. GSE39101). T.K. and V.W. 
are inventors on a patent application (61/598.544) filed by 
Stanford University entitled “Method for Modulating the 
Number of Archesporial Cells in a Developing Anther.” 
Supported by NSF grant PGRPO7-01880. T.K. was supported by 
an NIH Biotechnology Training Grant (5-T32-GM008412-17). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/337/6092/345/DC1 
Materials and Methods 

Figs. $1 to $14 

Tables $1 to $4 

References (28-33) 


6 February 2012; accepted 2 May 2012 
10.1126/science.1220080 


20 JULY 2012, VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on July 19, 2012 


Diversity of Interaction Types and 
Ecological Community Stability 


A. Mougi? and M. Kondoh?2* 


Ecological theory predicts that a complex community formed by a number of species is 
inherently unstable, guiding ecologists to identify what maintains species diversity in 
nature. Earlier studies often assumed a community with only one interaction type, either 
an antagonistic, competitive, or mutualistic interaction, leaving open the question of 
what the diversity of interaction types contributes to the community maintenance. We 
show theoretically that the multiple interaction types might hold the key to understanding 
community dynamics. A moderate mixture of antagonistic and mutualistic interactions 

can stabilize population dynamics. Furthermore, increasing complexity leads to increased 
stability in a “hybrid” community. We hypothesize that the diversity of species and 
interaction types may be the essential element of biodiversity that maintains ecological 


communities. 


a complex community network of interspe- 

cific interactions, contrary to a theoretical pre- 
diction that a complex community is inherently 
unstable (/). This paradox has stimulated ecol- 
ogists to try to identify what maintains species 
diversity in natural communities (2-8). An eco- 
logical community has been viewed as a network 
of species connected by interspecific interactions. 
For example, a food web is the classical repre- 
sentation of “who eats whom” in the community 
(9). A mutualistic network, which represents mu- 
tualisms within a community, is another inter- 
action network, the structure and dynamics of 
which are of particular interest in recent studies 
of community ecology (/0). There is no doubt that 
independently developed studies of these inter- 
action networks have contributed to our under- 
standing of how interspecific interactions are 
related to population dynamics, what determines 
community structure, and how species diversity 
is maintained in nature (2-8). However, the ap- 
plicability of these insights to real communities re- 
mains equivocal, because real communities are 
“hybrids”composed of different types of inter- 
actions (//—15). Mixing different types of inter- 
specific interactions may dramatically alter our 
view of community dynamics and its relevance 
to community structure, which has been mod- 
eled only in small and simple systems [(/6, 17), 
but see (J4, 18, 19)]. Although a recent study 
showed that interaction type may affect com- 
munity stability and its relationship with com- 
plexity (79), it has remained unanswered how 
changing relative frequencies of different inter- 
action types, or the diversity of interaction types, 


I: nature, a number of species coexist to form 
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affect community stability and complexity-stability 
relationships. Here we present a theoretical hybrid 
community model, which involves both antag- 
onistic and mutualistic interactions in varying 
proportions, and reveal a role of the multiple in- 
teraction types and their composition for the main- 
tenance of complex communities. 

Consider an ecological community consist- 
ing of N species, in which population dynamics 
is driven by interspecific interactions. If a 
Holling type I (linear) functional response is as- 
sumed, the population dynamics of species 7 is 
described as 


dX; y 
ed ee ayX;) (1) 
e j=l, ji 


where X; is the abundance of species i, 7; is the 
intrinsic rate of change in species i, s; is density- 
dependent self regulation, and aj is the interac- 
tion coefficient between species i and species /. 
Of the three different network structures exam- 
ined, here we describe the results for cascade 
(20) and bipartite (8) networks. In the cascade 
model, for each pair of species i, 7 = 1,..., 1 with 
i <j, species i never consumes species 7, where- 
as species 7 may consume species i (20). In the 
bipartite model, no interactions occur within 
the same trophic levels (6, 8, 2/), and species 
numbers in each trophic level are the same. We 
define the proportion of connected pairs P as the 
proportion of realized interaction links Z in the 
possible maximum interaction links Lyax of a 
given network model (L = PLyjx). In the cas- 
cade model, Linax = M(N — 1)/2, and in the bi- 
partite model, Linax = (N/2)°. With a biologically 
feasible assumption that interaction strengths 
decrease with increasing resource species, due 
to an allocation of interacting effort, the inter- 
action coefficients aj (i # j) are determined as 
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Aj in an antagonistic interaction between con- 
sumer 7 and resource j, where A; is the po- 
tential preference for the interaction partners; 
Jw and fa are the relative strengths of mutu- 
alistic and antagonistic interactions, respectively; 
and e, and g, are the conversion efficiency when 
species 7 utilizes species 7 in mutualistic and an- 
tagonistic interactions, respectively. For a Holling 
type II (nonlinear and saturating) functional re- 


sponse, we 


k €resource of sp. i, k#i 


Y hix (41/ 3 Ax) Xal, where f; is 
k k €resource of sp. i, k#i 

Ju OF fa, Ny 18 ey OF gj, and hj is the handling 
time (6, 8, 2/). Parameters, s;, e;;, 2, Aj, and hy 
are randomly chosen from a uniform distribution 
between 0 and 1, and there is no correlation be- 
tween the pairwise parameters (4, and Aj, ej and 
ir Bj and gi, hy and hj; ). The intrinsic rate of 
change, 7;, is determined to hold dX;/dt = 0 after 
imposition of an equilibrium density of each spe- 
cies, X;*, from a uniform distribution between 0 
and 1. Thus, 7; of basal species with no mutual- 
istic interactions should be always positive, whereas 
that of species with no predators should be neg- 
ative. Stability analysis is based on a Jacobian 
community matrix following May’s approach 
(1, 19, 22, 23). Stability is defined as the prob- 
ability of local equilibrium stability, which is es- 
timated as the frequency of locally stable systems 
across 1000 sample communities. 

The analysis depicts a major effect of inter- 
action type-mixing on population stability (Fig. 1; 
see the supplementary materials text for analyt- 
ical results). Consider a food web composed of NV 
species, where a proportion P (<1; the proportion 
of connected pairs) of all possible species pairs 
is interacting. Congruent with earlier theoretical 
studies (24), species may show a stable coexis- 
tence under broad P or N ranges (Fig. 1). Yet 
this is no longer true if a small number of mu- 
tualistic interactions is added to the food web. 
Consider the proportion py of randomly chosen 
antagonistic links that are changed to mutualistic 
links. The model analysis indicates that in the 
presence of only a few mutualistic interactions 
(pm Set to 0.1 to 0.3), virtually no community is 
stable (Fig. 1) (23). Therefore, even a slight “con- 
tamination” of mutualistic interactions can com- 
pletely destabilize an otherwise stable predator-prey 
community, clearly demonstrating the potential 
major effects of interaction type-mixing on pop- 
ulation dynamics. 

However, this is just half of the story. A fur- 
ther increase in the proportion of mutualism has 
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another intriguing consequence. As mutualism 
(pm) increases, the population becomes more 
stable and reaches its peak stability at a mod- 
erate mixture of both interaction types (Fig. 1). 
The same qualitative pattern is observed when 
resilience, a stability index for transient dynamics 
(20), is used instead. Although the overall uni- 
modal pattern observed is qualitatively unchanged 
over a wide range of proportions of connected 
pairs (Fig. 1), species richness (fig. S2), and pa- 
rameter variability (fig. S3), the sharp stability 
peak may not be observed when the dynamics is 
too strongly stabilized or destabilized at the back- 
ground so that there is no room for changing py 
to alter stability. For example, with high species 
richness or strong self-regulation intensity, stabil- 
ity is maximized at a wide range of mutualism 
proportions (pm). 

The analysis of a hybrid community model 
provides a different perspective on the ongoing 
complexity-stability debate (24, 25). Increased 
complexity (high species richness and more con- 
nected pairs) destabilizes, or shows inconsistent 
effects on, population stability in a nonhybrid 
community composed of either mutualistic or 
antagonistic interactions (Fig. 2, A and E). How- 
ever, positive relationships are consistently ob- 
served in hybrid communities with a moderate 
mixture of interaction types (Fig. 2D) (23). Our 
model demonstrates a positive complexity-stability 
relationship, irrespective of the network structure 
choice (random, cascade, or bipartite) or functional 
response (fig. S4). This suggests that multispe- 
cles coexistence in a hybrid community can be 
maintained, rather than destabilized, by commu- 
nity complexity. The choice of parameters does 
not change the pattern as long as it is within the 
parameter ranges that are not extremely stabiliz- 
ing or destabilizing (figs. S2 and $3). Further- 
more, those results do not change qualitatively 
even if the interspecific competition between basal 
species in the communities (figs. SS and S6) or 
the varying relative strength of antagonistic and 
mutualistic interactions fa and fy, is considered 
(fig. S7). Our analysis also suggests that the neg- 
ative relationship between the number of inter- 
actions and the interaction strength assumed is 
crucial for the present patterns. In fact, the vi- 
olation of this assumption does not create the 
mixing effect on community stability, as shown 
in fig. S8 (/, 19). 

Under a traditional ecological hypothesis, 
acutely fragile communities are unlikely to per- 
sist under disturbance, and therefore a natural 
community should be structured to support pop- 
ulation stability (26). Based on this hypothesis, 
an increasing number of empirical studies have 
been conducted to examine the structural patterns 
of community networks, such as food webs and 
mutualistic networks, and predict the network 
dynamics-related consequences (2—8). Our results 
show that interaction type-mixing and commu- 
nity network structure synergistically affect pop- 
ulation dynamics, and they clearly illustrate the 
limitations of a single—interaction-type approach. 


The community structure effect on population 
dynamics may not be correctly evaluated in the 
absence of interaction type-mixing information. 
For example, our model indicates that the effect 
of community complexity on stability can vary 
largely, depending on interaction types and their 
diversity. Our study establishes the potential 
importance of interaction type-mixing in resolv- 
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ing the structure-dynamics relationship. However, 
empirical data on hybrid community interaction 
webs are limited. Consequently, additional em- 
pirical study of the structure and dynamics of 
hybrid communities composed of various types 
of interactions must be pursued. A possible test 
of our hypothesis is to compare the composi- 
tion of interaction types between different com- 
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Fig. 1. (A to D) Relationships between the proportion of mutualistic links (py) and stability with varying 
proportions of connected pairs (P) in four models with different network structures and functional re- 
sponses. Colors indicate different values of P. We assume NV = 50. 
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Fig. 2. (A to E) Complexity-stability relationships with varying proportions of mutualistic links (pm) in a 


cascade model with type | functional response. 
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munities under varying levels of disturbance. An 
ecosystem under more-intensive disturbance is 
expected to have a more stabilizing composition 
of interaction types. 

Species diversity has been of primary inter- 
est in understanding the role of biodiversity in 
ecosystem maintenance (24, 27), and a major 
focus of biodiversity conservation. The present 
study sheds new light on another aspect of bio- 
diversity: diversity in interaction types. We deter- 
mined that biodiversity in species and interactions 
is integral to stabilizing biological communities, 
which has important implications for biodiver- 
sity conservation. Species loss is of vital conser- 
vation concern; however, we may also need to 
identify the interaction types lost or maintained 
for two primary reasons. First, a complex commu- 
nity may be self-sustaining only in the presence of 
different interaction types. Therefore, a biased loss 
of one interaction type may critically destabilize 
the complex ecosystem. Second, the multiple in- 
teraction types can change the complexity-stability 
effect. The positive complexity-stability relation- 
ship of hybrid communities implies that a hybrid 
community is self-sustaining. However, it should 
be noted that such a self-sustaining community is 
more vulnerable to cascading biodiversity losses; 


a simplified community can destabilize popu- 
lation dynamics and enhance additional species 
losses. 
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LAAT-1 Is the Lysosomal 
Lysine/Arginine Transporter That 
Maintains Amino Acid Homeostasis 


Bin Liu,*** Hongwei Du,”74* Rachael Rutkowski,°>+ Anton Gartner,” Xiaochen Wang‘t 


Defective catabolite export from lysosomes results in lysosomal storage diseases in humans. 
Mutations in the cystine transporter gene CTNS cause cystinosis, but other lysosomal amino 

acid transporters are poorly characterized at the molecular level. Here, we identified the 
Caenorhabditis elegans lysosomal lysine/arginine transporter LAAT-1. Loss of laat-1 caused 
accumulation of lysine and arginine in enlarged, degradation-defective lysosomes. In mutants of 
ctns-1 (C. elegans homolog of CTNS), LAAT-1 was required to reduce lysosomal cystine levels 
and suppress lysosome enlargement by cysteamine, a drug that alleviates cystinosis by converting 
cystine to a lysine analog. LAAT-1 also maintained availability of cytosolic lysine/arginine 

during embryogenesis. Thus, LAAT-1 is the lysosomal lysine/arginine transporter, which suggests 
a molecular explanation for how cysteamine alleviates a lysosomal storage disease. 


efects in exporting hydrolytic degrada- 
De products from lysosomes cause ly- 

sosomal storage diseases such as cystinosis, 
which is characterized by intralysosomal accu- 
mulation of free cystine because of mutations in 
the lysosomal cystine transporter gene CTNS 
(cystinosin) (J—4). The most effective therapeutic 
agent for cystinosis, cysteamine (an aminothiol), 
converts lysosomal free cystine to cysteine and 
the mixed disulfide of cysteine-cysteamine, which 
is thought to be exported from lysosomes as a 
lysine analog through a lysine/cationic amino 
acid transporter (5—7). The molecular identity of 
the transporter remains unknown. Although bio- 
chemically detected, most mammalian lysosomal 


amino acid transporters have not been molec- 
ularly characterized (/). 

From a forward genetic screen for Caeno- 
rhabditis elegans mutants with increased embry- 
onic cell corpses, we isolated a recessive mutant 
qx42 that accumulated many refractile corpse-like 
objects and lysotracker-positive puncta, suggestive 
of abnormal lysosomes (fig. S1, A to G). Using 
NUC-1::mCherry, which labels lysosomes (8, 9), 
or lysotracker staining, we found that gx42 ly- 
sosomes were on average twice the volume of 
wild type (1.3 versus 0.5 um?) (Fig. 1, A to F”, 
and fig. S1, H to K). 

We next examined whether gx42 affected ly- 
sosomal cargo degradation. Apoptotic cells are 


phagocytosed, then degraded in lysosomes. Cell 
death and cell corpse engulfment were normal in 
qx42 mutants (fig. S2). However, degradation of 
apoptotic cells in phagolysosomes (indicated by 
GFP::RAB-7 or NUC-1::mCherry) as measured 
by loss of HIS-24::GFP or H2B::GFP (which 
label chromatin in all somatic and germ nuclei, 
including cell corpses, respectively) was severely 
affected in gx42 mutants, with HIS-24::GFP 
persisting >4 times as long as in wild type (Fig. 
2A and fig. S2, L to O). Yolk lipoprotein is 
degraded throughout embryogenesis to nourish 
developing cells (J0, 17). In gx42 mutants, in- 
testinal secretion of yolk reporter VIT-2::GFP 
and uptake by oocytes were normal (fig. S3, A to 
B’). However, gx42 embryos accumulated sig- 
nificantly more VIT-2::GFP in enlarged puncta, 
which overlapped with NUC-1::mCherry, sug- 
gesting defective lysosomal yolk degradation 
(Fig. 2, B to D, and fig. $3, C to H’). Cell surface 
proteins CAV-1 and RME-2, which are internal- 
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Fig. 1. /aat-1 mutants accumulate enlarged lysosomes. 
(A to F’”) Enlarged lysosomes indicated by NUC-1::mCherry 
[(A) and (B), arrows] or lysotracker red (LTR) [(E) to (F’”), 
arrowheads] were observed in a laat-1(qx42) embryo 
(B) or cell [(F) to (F’”’)] but not wild type [(A) and (E) to 
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(E’”)]. Lysosome volumes are quantified in (C) and (D). 


Average lysosomal volumes (+SEM, n = 
shown in (D). **P < 0.0001. (G and H) Fluorescent images of hypodermal 
(G) or sheath (H) cells in wild-type animals expressing LAAT-1::GFP and 


Fig. 2. laat-1 mutants are de- 
fective in lysosomal degradation 
of various cargoes. (A) Fluores- 
cent images of wild-type and 
laat-1(qx42) embryos express- 
ing HIS-24::GFP and GFP::RAB-7 
at different time points. Arrows 
indicate phagolysosomes. Quan- 
tification is shown in the right 
panel, with average duration 
(£SEM) shown in parentheses. 
(B to G) Confocal fluorescent 
images of wild-type [(B) and (E)] 
or laat-1(qx42) [(C) and (F)] em- 
bryos expressing NUC-1::mCherry 
and VIT-2::GFP [(B) and (Q] or 
712G3.1:GFP [(E) and (F)]. Ar- 
rows indicate overlapping GFP 
and mCherry; arrowheads indi- 
cate nonoverlapping GFP. Struc- 
tures indicated by yellow arrows 
or arrowheads are magnified 
4x in the insets. Quantifications 
are shown in (D) and (G). At 
least 10 embryos were scored 
in each strain. Data are shown 
as mean + SEM. **P < 0.0001. 
Scale bars, 5 um. 
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ized and degraded in wild-type embryos, accu- 
mulated in enlarged lysosomes in gx42 embryos 
(fig. S4) (12). Damaged organelles and protein 
aggregates are delivered via the autophagy pathway 
to lysosomes for degradation (/3). Autophagy 
substrates SEPA-1 and T12G3.1 (the C. elegans 
homolog of mammalian p62) were cleared during 
embryogenesis in wild type but persisted in late- 
stage gx42 mutant embryos and overlapped with 
NUC-1::mCherry, indicating defective autolyso- 
somal degradation (Fig. 2, E to G, and fig. S5) 


62 


98 


Percentage of coelomocyte with (@) 


lysosomes of different sizes(%) 


(14, 15). Thus, gx42 impairs lysosomal degradation 
of phagocytic, endocytic, and autophagic cargoes. 

The gene affected in gx42, Y43HIIAL.2, en- 
codes a conserved protein containing seven pre- 
dicted transmembrane domains and two internal 
PQ (Proline-Glutamine) loop repeats, characteristic 
of lysosomal cystine transporters (LCTs) (6) (fig. 
S6F). Cystinosin, the archetypal LCT family 
member, is a lysosomal cystine transporter, the 
abnormal function of which causes cystinosis (4). 
We named the Y43H1/AL.2 gene laat-1 (lysosom- 
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Fig. 3. LAAT-1 is a lysosomal lysine and arginine transporter. (A) The ratio of amino acid concentration in 
lysosomal versus cytosolic fractions prepared from embryonic lysates was determined and normalized as 
1 fold in wild type (y axis). (B) Differential interference contrast (DIC) and fluorescent images of wild-type 
and ctns-1(0k813) coelomoctyes expressing secreted Cherry (ssCherry) and the lysosomal marker 
GFP::CUP-5. Lysosomes are labeled by Cherry and CUP-5 (arrows). Insets show lysosomes indicated by 
yellow arrows. Scale bars, 5 um. Quantification is shown in (C). (D and E) Cystine (D) and mixed disulfide 
of cysteine-cysteamine (E) was determined in purified lysosomal fractions (PLF) after cysteamine 
treatment and normalized as 1 fold in wild type. (F and G) Lysine and arginine uptake was determined 


in (F) LAAT-1- or (G) PQLC-2—expressing COS-7 cells. 
0.05; all other points had P > 0.05. Data in (A), 


independent experiments. 


Data are shown as mean + SEM. **P < 0.0001; *P < 
(D), (E), (F), and (G) are representative of three 
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al amino acid transporter 1) based on similarity 
with LCT family proteins and cellular functions 
(see below). gx42 has an A>T mutation in /aat-] 
that creates a premature stop codon after Asn'?’, 
Other independently isolated /aat-/ mutant al- 
leles also caused enlarged lysosome and per- 
sistent cell corpse phenotypes (figs. S1, L to R, 
and S2K). /aat-1 was expressed in various cell 
types in embryos, larvae, and adults (fig. S7). 
GFP or mCherry fusion of LAAT-1, which fully 
rescued gx42 defects (fig. S6, A to E), labeled 
membranes of NUC-1— or lysotracker-positive 
structures and overlapped with lysosomal mem- 
brane protein CTNS-1, the C. elegans homolog 
of human cystinosin (/7), indicating that LAAT-1 
localizes to lysosomal membranes (Fig. 1, G to H”, 
and fig. S7, A to C”). LAAT-1(A299-304)::GFP, 
which lacks the C-terminal dileucine-based lyso- 
somal sorting motif (/8), stained plasma mem- 
branes instead of lysosomes and failed to rescue 
laat-1(qx42) mutant phenotypes, indicating that 
LAAT-1 function depends on its lysosomal lo- 
calization (figs. S6, A to F, and S7, D to E”). 

We examined lysosomes purified from C. 
elegans embryos (fig. S8) and found that loss of 
CTNS-1 caused cystine accumulation, suggest- 
ing that CTNS-1 mediates cystine efflux from lyso- 
somes like human cystinosin (Fig. 3A). In /aat-1 
mutant lysosomes, cystine levels were normal, 
but lysine and arginine levels were 16 and 8 times 
as higher as wild type, respectively, suggesting that 
LAAT-1 exports lysine and arginine from lyso- 
somes (Fig. 3A and fig. S9A). Macrophage-like 
coelomocytes from cins-/ mutants contained huge 
granules (>6.5 um in diameter), which accumu- 
lated endocytosed cargo Cherry and were labeled 
by lysosomal membrane protein CUP-5 but not 
endosomal protein RME-8, indicating that they 
are enlarged lysosomes (/9, 20) (Fig. 3, B and C, 
and fig. S9B). Most wild-type and /aat-1(qx42) 
coelomocytes contained small lysosomes (<4.5 Lum) 
or 2 to 3 bigger ones (4.5 to 6.5 um) (Fig. 3C). 
Cysteamine treatment of cims-/ mutants greatly 
reduced lysosomal cystine accumulation and al- 
most completely suppressed the enlarged lyso- 
some phenotype (Fig. 3, C and D). In /aat-1(qx42) 
cins-1(ok813) double mutants, however, cyste- 
amine failed to deplete lysosomal cystine and sup- 
press enlarged lysosomes, which accumulated 
high levels of cystine and the lysine analog mixed 
disulfide of cysteine-cysteamine (Fig. 3, C to E). 
These data strongly suggest that LAAT-1 trans- 
ports lysine out of lysosomes. 

We investigated whether LAAT-1 or its hu- 
man counterpart PQLC2 transported lysine and 
arginine using a whole cell-based transporter as- 
say (4). Wild-type PQLC2::GFP localized to lyso- 
somes in COS-7 cells, while PQLC2 (ALL)::GFP, 
which lacks the lysosomal sorting motif, asso- 
ciated with plasma membranes, indicating that 
PQLC2 is a lysosomal membrane protein like 
LAAT-1 (fig. S6F and fig. S9, C to H”). Expression 
of plasma membrane-targeted LAAT-1 [LAAT- 
1(A299-304)::GFP] or PQLC2 [PQLC2(ALL)::GFP] 
caused increased uptake of lysine and arginine, 
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Fig. 4. LAAT-1 maintains lysine and arginine availability for normal embryonic 
development. (A and B) Retarded embryonic development in /aat-1 mutants is rescued 
by external lysine and arginine supplements. At least 88 embryos were examined. (C) 
“8 Protein synthesis rates determined by fluorescence recovery after photobleaching in wild- 
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which was almost completely abolished when 
the invariant Pro in the first PQ loop was mu- 
tated to Leu (Fig. 3, F and G, and fig. S6F). Up- 
take of histidine, but not alanine, glutamic acid, 
cystine, or cysteine, was increased in LAAT-1- or 
PQLC2-expressing cells, suggesting specific trans- 
port of cationic amino acids (fig. S10). /aat-1 lyso- 
somes did not significantly accumulate histidine, 
indicating that LAAT-1 is probably not the major 
histidine transporter in vivo (fig. S9A). 

laat-1 mutants were viable but developed 
slowly (Fig. 4A). External supplements of both 
lysine and arginine completely rescued retarded 
embryonic development (Fig. 4B and fig. S11, A 
and B) but did not reverse the enlarged lysosome 
or defective yolk degradation phenotypes in 
laat-1 mutants (fig. S11C). Thus, loss of /aat-/ af- 
fects lysosomal export of lysine/arginine, which 
limits their cytoplasmic availability and thereby 
retards embryonic development. When deprived 
of amino acids, eukaryotic cells trigger the amino 
acid response (AAR) pathway through activation 
of GCN2 protein kinase, leading to repression of 
global protein synthesis (2/). Consistent with this, 
laat-1 embryos showed reduced protein synthesis, 
which was efficiently rescued by supplementing 
lysine and arginine (Fig. 4C and fig. S11D) (22). 
The AAR pathway is essential for survival dur- 
ing amino acid deprivation (23, 24). gcn-2(ok871) 
embryos developed normally but died when 
laat-1 was defective. The synthetic lethality was 
completely rescued by supplying both lysine 
and arginine but not glycine (Fig. 4D). Thus, 
loss of /aat-1 limits cytosolic lysine and arginine, 
causing embryonic lethality when the GCN-2— 
mediated AAR pathway is impaired (fig. S11E). 


We have identified LAAT-1 and its human 
homolog PQLC2 as the lysosomal lysine/arginine 
transporter. Cysteamine treatment significantly 
reduced lysosomal free cystine and efficiently 
suppressed the enlarged lysosome phenotype in 
ctns-1(if) single mutants but not laat-1 (If) ctns-1 (If) 
double mutants, which accumulated the lysine 
analog mixed disulfide of cysteine-cysteamine 
in lysosomes, suggesting that LAAT-1 (and prob- 
ably PQLC2) may mediate cystine depletion by 
cysteamine. It is thus important to examine wheth- 
er loss of POLC2 affects mammalian lysosome 
function and causes lysosome-related diseases. 
Our finding that defective lysosomal export of 
lysine/arginine leads to retarded embryonic de- 
velopment reveals the role of lysosomal amino 
acid transporters in maintaining cytosolic amino 
acid availability during embryonic development, 
providing insights into the pathogenesis of ly- 
sosomal transport disorders. 
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Deformations Within Moving 
Kinetochores Reveal Different Sites 
of Active and Passive Force Generation 


Sophie Dumont,?*t E. D. Salmon,” Timothy J. Mitchison* 


Kinetochores mediate chromosome segregation at mitosis. They are thought to contain both 
active, force-producing and passive, frictional interfaces with microtubules whose relative 
locations have been unclear. We inferred mechanical deformation within single kinetochores 
during metaphase oscillations by measuring average separations between fluorescently labeled 
kinetochore subunits in living cells undergoing mitosis. Inter-subunit distances were shorter in 
kinetochores moving toward poles than in those moving away. Inter-subunit separation decreased 
abruptly when kinetochores switched to poleward movement and decreased further when 

pulling force increased, suggesting that active force generation during poleward movement compresses 
kinetochores. The data revealed an active force-generating interface within kinetochores and a 
separate passive frictional interface located at least 20 nanometers away poleward. Together, 
these interfaces allow persistent attachment with intermittent active force generation. 


inetochores link chromosomes to micro- 

k tubules in the mitotic spindle and gen- 
erate forces for chromosome movement 

(J). Mammalian kinetochores consist of more 
than 80 proteins (2), many of whose positions 
have been mapped with nanometer-level pre- 
cision (3—9). Kinetochores are thought to inter- 
act both actively and passively with microtubules, 
but the molecular identity and physical nature 


of the relevant interfaces are unclear (/0). Ac- 
tive interfaces generate pulling force by trans- 
ducing the free energy of microtubule plus-end 
depolymerization into mechanical work (//, /2) 
at kinetochores moving poleward (P). Passive 
interfaces generate molecular friction when ki- 
netochores are forced to slide over the micro- 
tubule lattice toward plus-ends (/3). This occurs 
when kinetochores moving away from poles (AP) 
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are pulled by P sisters and also when poleward 
flux pulls microtubules away from stationary 
kinetochores in some systems (/4, /5). 

Mechanical compliance (deformation in re- 
sponse to force) should report on the position 
and direction of forces acting on kinetochores (6). 
We used the separation between red and green 
probes to measure kinetochore deformation in 
living Ptk2 cells. The CenpC probe reported on 
kinetochore subunits near the chromosome, and 
Cdc20 and Hec1 probes reported on subunits near 
microtubules. CenpC binds DNA (/6), Cdc20 
reports on microtubule-binding protein KNL1, 
and Hecl binds microtubules and is part of the 
load-bearing Ndc80 complex (Fig. 1A) (/7). Meta- 
phase oscillations, in which kinetochores switch 
fairly regularly between P and AP movement, 
provided natural force fluctuations (78, 19). 

A one-dimensional map of kinetochore sub- 
units (Fig. 1A) was generated from light-level 
measurements in fixed cells and in vitro struc- 
tural work (6). We coexpressed two fluorescent 
kinetochore protein pairs in Ptk2 cells, either 
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N-terminal distance in fixed cells (53 to 54 nm) (6, 17). (I) Histograms of all 
CenpC(N)—Hec1(C) distance measurements during metaphase. The noise in 
single traces and histogram widths [(F) to (1)] stemmed from both experimental 
noise (such as centroid determination and two-color registration) and 
biological variation. Stars indicate histogram distribution means. 
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mCherry-CenpC [N-terminal label, CenpC(N)] 
and EYFP-Cdc20, or mCherry-CenpC and Hec1- 
EGFP [C-terminal label, Hecl(C)]. These probes 
did not perturb metaphase oscillations (17). The 
Cdc20 probe was brighter than the Hecl probe 
and was used for most experiments. We imaged 
red and green probes simultaneously by means 
of confocal fluorescence microscopy with a di- 
chroic beam splitter and a single camera. Cells 
were compressed with an agarose pad so as to 
keep kinetochores in focus (Fig. 1B), and com- 
pression did not perturb oscillations (table S1) 
(20). Occasionally, drastic compression was used 
to induce unusually large forces (/7). Using a 
variant (3, 6) of SHREC (single-molecule high- 
resolution colocalization) (2/) in vivo (Fig. 1C), we 
measured the distance between centroids of the 
probes (Fig. 1D) every 10 s during several oscil- 
lation cycles (Fig. 1E and movies S1 and 82) (/7). 

We first asked whether P and AP kinetochores 
were on average different. Graphs of interprobe 
distance over time for a single kinetochore (Fig. 
1F), and a histogram of many kinetochores (Fig. 
1G), revealed CenpC(N)—Cdc20 distances of 
47 + 20 nm in P kinetochores (n = 525 measure- 
ments), and 55 + 19 nm in AP kinetochores (n = 
569 measurements). These values differ with high 
significance (P= 10 '°) (table S2). Of kinetochores 
imaged, 93% displayed a greater mean inter-probe 
distance in AP than in P state (fig. SLA). The 15% 
shorter CenpC(N)-Cde20 distance in P as com- 
pared with AP kinetochores could stem from either 
a mechanically compliant CenpC(N)-Cdc20 link- 
age that responds to force or from biochemical 
changes that relocalize a probe molecule. 

To distinguish mechanical from biochemi- 
cal causes of inter-probe distance change, we 
first asked whether it also occurred during ana- 
phase, which drastically changes kinetochore bio- 
chemistry (22). Anaphase kinetochores are biased 
toward P motion to segregate chromosomes, but 
AP transients still occur in Ptk2 cells with sim- 
ilar velocities to metaphase (/8, 23), probably 
because of polar ejection forces (/7). Inter-probe 
distances in anaphase were statistically indistin- 
guishable from those at metaphase (P = 0.2 for 
P, and P = 0.4 for AP). The mean CenpC(N)- 
Cdc20 distance in anaphase was 49 + 22 nm 
in P kinetochores (n = 204 measurements) and 
57 + 20 nm in AP kinetochores (n = 89 measure- 
ments) (Fig. 1H and table S2). Just as for meta- 
phase, anaphase P and AP inter-probe distances 
were statistically different from each other (P = 
0.004), and all but one kinetochore displayed a 
greater mean inter-probe distance in AP than in 
P state. 

Next, we measured the inter-probe distance 
at metaphase between CenpC(N) and Hec1(C), 
which is part of the main load-bearing complex, 
Ndc80. The mean CenpC(N)-Hec1(C) distance 
was 38 + 15 nm in P kinetochores (n = 564 mea- 
surements) and 43 + 17 nm in AP kinetochores 
(n = 487 measurements) (Fig. II and table S2). 
These values differ with high significance (P= 10°), 
and their average was consistent with the localiza- 


tion of Hec1 in fixed cells (6). Here too, the mean 
behavior was representative of individual kineto- 
chores (fig. S1B). Observing similar changes in 
distance from CenpC to two different probes report- 
ing on the microtubule-binding KMN network 
(2, 17) strongly argues that length changes be- 
tween P and AP are due to mechanical compliance. 

In a mechanical model, force changes and 
deformation changes are expected to be closely 
correlated in time. To test whether this require- 
ment is met, we tracked sister kinetochores dur- 
ing direction reversals (Fig. 2A) in which forces 
change abruptly. We measured the distance with- 
in one kinetochore and distance between that ki- 


a 


netochore and its sister, where the latter reports 
on force between kinetochores from centromere 
stretch, during 40 s of observation (five sequen- 
tial images) centered on reversals, averaged over 
all reversals in the data set (Fig. 2, B to D). 
Kinetochore direction (Fig. 2B) (9) and inter- 
kinetochore distance (Fig. 2C) both changed 
abruptly at reversals. P-to-AP and AP-to-P reversals 
occurred at markedly different inter-kinetochore 
distances (P= 10 '*) (F ig. 2C and table S3) and 
times. The leading P kinetochore reversed on ay- 
erage 6 + 11 s (mn = 133 reversals) before the 
trailing AP one (and in 15% of the cases after 
the AP one), which was illustrated by a shift on the 
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Fig. 2. Distance between sister kinetochores and 
between probes in one kinetochore during direction 
reversals. (A) Single kinetochore position (top) and 
inter-kinetochore distance (bottom) over time for a 
sister kinetochore pair (that of Fig. 1C). Black stars D 
indicate all direction reversals, and dotted lines indicate 
direction reversals for the circle-identified kinetochore. 
(B) Mean kinetochore position, (C) inter-kinetochore dis- 
tance, and (D) CenpC(N)—Cdc20 distance over time for 
metaphase P-to-AP (n = 104 traces) and AP-to-P (n = 
98 traces) reversals (P in red, AP in blue). AP-to-P rever- 
sals are positioned 6 s later than P-to-AP reversals on 
the time axis so as to reflect the average time between 
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Fig. 3. Kinetochore velocity and CenpC(N)—Cdc20 distance at different inter-kinetochore distances. (A) 
Kinetochore velocity as a function of inter-kinetochore distance during metaphase P (n = 104 traces) 
and AP (n = 104 traces) movement before and after P-to-AP reversals, respectively, when the highest 
inter-kinetochore distances are visited. P velocity decreases and AP velocity increases with inter-kinetochore 
distance, as expected if P kinetochores generate force and inter-kinetochore distance is a metric for force. 
We include data from drastic spindle compression to probe even higher forces (17). (B) CenpC(N)—Cdc20 
distance as a function of inter-kinetochore distance during metaphase P (n = 547 measurements) and AP 
(n = 529 measurements) movement. Inter-probe distance decreases with inter-kinetochore distance in P 
kinetochores, which is consistent with a force-deformation relationship. Lines are best linear fits. 
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time axis (Fig. 2, B to D). Inter-kinetochore dis- 
tance tended to increase during coordinated move- 
ment because the leading P kinetochore moved 
slightly faster (on average) than did its trailing 
AP sister (fig. S2, A to D). P-to-AP reversal oc- 
curred on average 7 + 15 s (n= 151 reversals) after 
the maximum inter-kinetochore distance had been 
reached; inter-kinetochore distance was 2.7 + 
1.0 um at this reversal and decreased abruptly af- 
terward as both sisters transiently moved toward 
each other (Fig. 2C). AP-to-P reversal occurred 
after this decrease in inter-kinetochore distance at 
1.9 + 0.6 um, which is close to the global minimum 
(Fig. 2C and fig. S2D). The above data are 
consistent with a mechanical model (24) in which 
high centromere stretch favors P-to-AP reversal 
and low stretch favors AP-to-P reversal (/4). 

Within our time resolution, changes in move- 
ment direction and CenpC(N)-Cde20 distances co- 
incided (77). CenpC(N)-Cdc20 distances increased 
abruptly after P-to-AP reversals and decreased 
abruptly after AP-to-P reversals (Fig. 2D; fig. S2, 
E and F; and tables S3 and S4), which was also 
true at anaphase (table S3). That change in forces 
exerted by P and on AP kinetochores—measured 
through inter-kinetochore stretch—coincides closely 
with changes in inter-probe distances within ki- 
netochores supports the mechanical interpretation 
of inter-probe distances and constrains time scales 
associated with force transitions. 

Extent of deformation is expected to correlate 
with magnitude of force in a mechanical model. 
To test this, we plotted inter-probe distance against 
inter-kinetochore distance. Here too, chromosome 


Fig. 4. Mechanical model A 
for kinetochore compliance. 
(A) Kinetochores and inter- 
kinetochore chromatin viewed 
as three springs in series, with 
probes indicated by stars. P 
kinetochores are compressed, 
on average, relative to AP ki- 
netochores. We interpret this 
as indicating that an active 
force-generating interface that 
is only engaged in P kineto- 
chores (orange) lies inward of 
the mean positions of Cdc20 
and Hec1(C), whereas a pas- 
sive frictional interface that 


moving 


oscillations provided natural changes in kineto- 
chore forces (fig. S2); to extend the range of forces, 
we included measurements from drastically com- 
pressed cells in which inter-kinetochore stretch 
was up to 6 um. Force between kinetochores is 
due to active force from the P kinetochore op- 
posed largely by friction from the AP kinetochore 
(4, 15, 24). Velocity of AP kinetochores increased 
with inter-kinetochore distance, as expected if 
AP movement is due to pulling by the P sister 
opposed by frictional drag at the AP kinetochore 
(P= 10%) (Fig. 3A and table S5). Consistent with 
this view, velocity of P kinetochores decreased 
with inter-kinetochore distance (P = 0.08) (Fig. 
3A and table S5) (73). Inter-probe distances in P 
kinetochores decreased with inter-kinetochore 
distance (P = 10°) (Fig. 3B and table $5). This 
suggests that P kinetochores that exert more force 
are more compressed. No correlation between 
inter-probe and inter-kinetochore distances was 
detected in AP kinetochores (P = 0.6) (Fig. 3B 
and table S5). When little active force was gen- 
erated at low inter-kinetochore distances, both P 
and AP kinetochores displayed similar inter- 
probe distances (Fig. 3B). 

Because P kinetochores, where active force 
is generated, are internally compressed relative 
to AP kinetochores and because the larger the 
force generated at P kinetochores the more com- 
pressed they are, we developed a simple me- 
chanical model in which frictional forces are 
generated at a more outward position than that 
of active forces in P kinetochores, leading to 
internal compression (Fig. 4A, figs. S3 and S4, 


P KINETOCHORE 
EVFP-cdc20 fim KNL1 


Ndc80 i Je Hec1-EGFP 


active 


imCherry-CenpC 


is engaged in all kinetochores 40 20 
(blue) lies outward of these 
markers. (B) Preliminary struc- 
tural interpretation, with inter- 
probe distances indicated for 
CenpC(N)}-Cdc20 (mean + SEM). 
The active and passive inter- 
faces could differ because they 
comprise different molecules 
or because force generation 


00 


is restricted to the end of the 40 20 
microtubule, whereas friction distance (nm) 
occurs all along the embedded 

lattice. 


www.sciencemag.org SCIENCE VOL 337 20 JULY 2012 


0 20. ~—~-40 60 “80 
-— 4721 nm—— 
AP KINETOCHORE we 
4 
POLYMERIZING MICROTUBULE 
0 20-40 “60 “80-100 
Hec1 


1 
(9G3) -—— 5541 nm ———4H 


REPORTS 


and tables S6 and S7) (/7). AP kinetochores, 
which lack active force generation, are extended 
by pulling from centromeric chromatin balanced 
by fiiction at the kinetochore-microtubule interface. 
Kinetochore deformation need not vary linearly 
with force and may either represent changes in 
length of protein linkages or their reorientation 
and reorganization. We extended this mechan- 
ical model in light of previous mapping data 
(Fig. 4B) (6). The active, force-generating inter- 
face for P movement lies internal to the mean 
position of the Hecl(C) probe, and the passive, 
frictional interface is at least 20 nm outward of 
the active interface (Fig. 3B). This makes the 
microtubule-binding site at the outer end of Hecl 
(Fig. 4A, 0 nm mean position) a good candidate 
for passive force generation (/7). 

Spatially separated passive and active inter- 
faces at kinetochores, whether comprising dif- 
ferent molecules or different interactions of the 
same molecule with microtubules in different 
locations (/7), may represent a design principle 
with important advantages. The passive friction- 
al interface binds persistently to microtubules 
independently of the microtubule dynamics state 
or movement direction, ensuring segregation ac- 
curacy. The active interface consumes energy 
to efficiently move kinetochores poleward but 
can evolve without the constraint of requiring 
persistent attachment. Together, both interfaces 
allow the kinetochore to harness force from de- 
polymerizing microtubules without losing grip. 
That said, kinetochores may be able to function 
using only the passive interface—for example, in 
systems without anaphase A (25) or where mi- 
crotubules polymerize continuously at kinetochores, 
even during anaphase (26). In these systems, seg- 
regation forces will be generated elsewhere in 
the spindle and presumably transmitted to chro- 
matin via molecular friction. 
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Regional Astrocyte Allocation Regulates 
CNS Synaptogenesis and Repair 
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Astrocytes, the most abundant cell population in the central nervous system (CNS), are essential for 
normal neurological function. We show that astrocytes are allocated to spatial domains in mouse 
spinal cord and brain in accordance with their embryonic sites of origin in the ventricular zone. These 
domains remain stable throughout life without evidence of secondary tangential migration, even 
after acute CNS injury. Domain-specific depletion of astrocytes in ventral spinal cord resulted in 
abnormal motor neuron synaptogenesis, which was not rescued by immigration of astrocytes 
from adjoining regions. Our findings demonstrate that region-restricted astrocyte allocation is a 
general CNS phenomenon and reveal intrinsic limitations of the astroglial response to injury. 


strocytes serve roles essential for normal 
neurological function such as regulation 
of synapse formation, maintenance of 


the blood-brain barrier (BBB), and neuronal ho- 
meostasis (/, 2). Although astroglia are region- 


Fig. 1. Segmental distribution of fibrous and proto- 
plasmic astrocytes in spinal cord. (A) Nkx2.2-creERT2 
(tamoxifen induction E10.5 to £12.5):Rosa26-YFP 
fate map shows YFP*, GFAP* cells at the ventral mid- 
line at PO. YFP, yellow fluorescent protein. (B) In P2 
Olig2-tva-cre:CAG-GFP mice, astrocytes remain in reg- 
ister with pMN, whereas Olig2* OPs distribute wide- 
ly. (C) Ngn3-cre:Z/EG P1 cord shows intermediate 
wedge of astrocytes. (D, G, G’) At P2, FAs and PAs 
in Pax3-cre animals remain dorsally restricted. DAPI, 
4’,6-diamidino-2-phenylindole. (E and F) Aldh1L1- 
GFP coexpression with GFAP* (FAs) and AldoC* (FAs 
and PAs) cells. (H to N) Astrocytes from Olig2cre/+ 
spinal cord have a restricted ventral distribution. In 
Olig2cre/cre nulls, we observe significantly (*P < 
0.0001) increased p2-type (GFAP*, Pax6*, AldoC*) 
astrocytes (fig. $11), which fail to migrate from the 
ventral domain. Scale bars, 200 um. 


ally heterogeneous in terms of gene expression 
and their electrical and functional properties 
(3-5), astrocyte diversification and migration 
remain poorly understood. Two generally rec- 
ognized types of astrocytes are fibrous astrocytes 
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(FAs) of white matter that express glial fibrillary 
acidic protein (GFAP), and protoplasmic astro- 
cytes (PAs) of gray matter that normally express 
little or no GFAP. Aldh1L1-GFP and AldoC are 
more recently described markers of both PAs 
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and FAs (6, 7). Embryonic astrocytes derive from 
radial glia (8—/0) and several lines of evidence 
indicate that glial subtype specification in the 
ventral spinal cord is determined according to a 
segmental template (//). For example, basic helix- 
loop-helix (bHLH) proteins Olig2 and SCL reg- 
ulate oligodendrocyte versus astrocyte precursor 
cell fate in the pMN and p2 neuroepithelial pro- 
genitor domains, respectively (/2), and homeo- 
domain proteins Nkx6.1 and Pax6 regulate the 
region-specific molecular phenotype of FAs in 
the ventral spinal cord (/3). 

How do astrocytes disseminate from their 
sites of origin in the ventricular zone (VZ)? Two 
distinct modes of astrocyte migration have been 
reported. Retroviral fate mapping of neonatal 
SVZ progenitors (/4) and transplantation of glial 
precursors (/5) suggest that astrocytes can mi- 
grate long distances and in multiple directions, 
implying that astrocytes derived from radial glia 
(or other precursors) in different VZ domains 
might intermix (fig. S1A). Consistent with this 
model, some PAs have been proposed to derive 
from migratory NG2 cells (/6). In contrast, as- 
trocytes might distribute stringently into “seg- 
mental” territories correlating with their domains 
of origin in the patterned VZ (8—10), without sec- 
ondary tangential migration. Although little is 
known about regulation of astrocyte progenitor 
migration during development, Stat3 signaling 
and Cdc42 have been shown to function in re- 


active astrocyte invasion of lesions after injury 
(7, 18). 

Establishing how astrocytes are allocated to 
different territories is key to understanding how 
they might develop to support regionally diver- 
sified neurons. We first investigated this in vivo 
by conditional reporter fate mapping of radial 
glia and their progeny in distinct dorsal-ventral 
(DV) spinal cord domains (fig. S1B and table 
S2). Labeling for the reporter protein together 
with markers of neurons (NeuN), oligodendro- 
cytes (Olig2), or fibrous astrocytes (GFAP) al- 
lowed us to compare production of these cell 
types across domains (table S1, Fig. 1, and 
fig. S1) (79). 

We found that FAs from the p3 progenitor 
domain (defined by Nkx2.2-creERT2) invariably 
remained close to the ventral midline (Fig. 1A). 
The pMN domain (Olig2-tva-cre) generated main- 
ly oligodendrocyte precursor cells (OPs), which 
migrated extensively (Fig. 1, B and H), and some 
FAs [4% of all GFP’ cells in spinal cord at post- 
natal day 7 (P7)] (fig. S1D and table S1) (20), 
which settled in ventral white matter (Fig. 1B). 
For intermediate and dorsal domains, we used 
cre driven by Ngn3, Dbx1, Msx3, Math1, or Pax3 
regulatory sequences (Fig. 1, C and D; table S1; 
and fig. S1, E to H). These data indicate that 
all spinal cord GFAP” FAs distribute radially, 
in register with the DV position of their neuro- 
epithelial precursors. 
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Fig. 2. Absence of tangential astrocyte migration in adult spinal cord even after injury. (A) Bushy GFP* 
PAs in Ngn3-cre:Z/EG cord persisted after 6 months of age. (B) Astrocytes in Nkx2.2-creERT2 (induced E10 
to E11):Rosa26-YFP cords remain ventrally restricted at 1 year. (C to F) Post-stab gliosis does not recruit 
astrocytes from adjacent domains. Fate-mapped astrocytes (arrows) in Rosa26-tdTomato on the Nkx2.2- 
creERT2 [induced E14 (C and D)] or Dbx1-cre (E and F) background remain confined to ventral or 
intermediate cord, respectively, 12 and 28 days postlesion (dpl). Intense GFAP staining indicates lesion 
site (dashed lines, white arrowheads indicate needle trajectory). 


PAs and FAs are morphologically and func- 
tionally distinct (27, 22). We used Aldh1L1-GFP 
astrocyte-specific reporter mice (7) and anti- 
bodies recognizing AldoC (6), which mark both 
PAs and FAs but few, if any, neurons or Olig2* 
cells (Fig. 1, E and F; figs. S2E and S3, A and B; 
and movie S1). Fate mapping of BLBP-cre ex- 
pressing precursors (fig. S3, C and D) demon- 
strated that PA and FA are generated from radial 
glia and/or their progeny. PAs and FAs origi- 
nating from the same precursor domain came to 
rest within overlapping territories. For example, 
combining Pax3-cre with the Aldh1L1-GFP re- 
porter confirmed that all Pax3-derived PAs and 
FAs remained confined to dorsal spinal cord (Fig. 
1G). Despite reports that FAs and PAs develop via 
distinct pathways (6, 23, 24), we did not observe 
any domain dedicated to either FAs or PAs. 

We next attempted to disrupt the radial dis- 
tribution of astrocytes. First, because embryonic 
pMN-derived OPs disperse in all directions (Fig. 
11) (25), we tested whether this domain might 
similarly promote tangential astrocyte migra- 
tion. In Olig2-null embryos, the pMN domain is 
transformed into a p2-like domain that generates 
astrocytes instead of OPs (26). In the embryonic 
day 18 (E18) Olig2-cre-null spinal cord, we found 
increased numbers of “p2-type” astrocytes (fig. 
S11) but, nonetheless, these remained spatially 
constrained within the ventral cord (Fig. 1, I to N). 
Although all domains examined produced as- 
trocytes, they showed different potential for the 
generation of astrocytes versus oligodendrocytes 
(fig. S1J), most dramatically illustrated by Olig2- 
null animals. Time-lapse imaging of spinal cord 
slice cultures revealed exclusively radial movement 
of AldhIL1-GFP cells (fig. S3, E and F), even after 
a heterotopic transfer of green fluorescent protein 
(GFP)}-labeled VZ progenitors into unlabeled 
slices (fig. S3, G to K). Together, these data re- 
veal a strictly segmental investment of the de- 
veloping spinal cord by astrocytes (fig. S1A). 

Might astrocytes undergo secondary tangen- 
tial migration at later stages or during adulthood? 
Ngn3 transcripts are transiently expressed in in- 
termediate neural tube from E12.5 to E14.5 
(fig. S2, A to D). As shown (Fig. 2A and fig. S2, 
E and F), intermediate-domain PAs derived 
from embryonic Ngn3-cre—labeled radial glia per- 
sisted up to 6 months without attrition or migra- 
tion. We induced Nkx2.2-creERT2:Rosa26-YFP 
mice with tamoxifen (E10 to E12, after generation 
of p3-derived neurons) and visualized the labeled 
astrocytes | year later (Fig. 2B). Even at this ad- 
vanced age, FAs and PAs were confined in a tight 
ventromedial distribution. These findings show 
that the long-term distribution of astrocytes in the 
adult spinal cord is determined during embryo- 
genesis by their site of origin in the VZ (fig. S2G). 

We attempted to disrupt the normal “segmen- 
tal” pattern of astrocytes by acute injury-induced 
gliosis in adult Rosa26-tdTomato conditional 
reporters crossed into Nkx2.2-creERT2 (induced 
at E14) or Dbx1-cre backgrounds. However, no 
ventrally derived astrocytes migrated into a dorsal 
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Fig. 3. Regional astrocyte depletion results in neuronal abnormalities. (A) 
Cartoon of Aldh1L1-DTA transgene; cre excises eGFP-Stop cassette allowing DTA 
transcription. (B) Regions targeted by Pax3-cre or Olig2-cre. (C and D) Pax3- 
cre:Aldh1L1-DTA mice show absence of GFP, neuropil, and congested appearance 
of NeuN (red) neurons in dorsal cord. (E) Cartoon of MN soma and synapse 


stab wound after 12 or 28 days, despite the le- 
sion tract passing very close to the labeled astro- 
cytes (Fig. 2, C to F). 

A possible explanation for the lack of mo- 
bility was that all astrocyte niches were fully 
occupied, preventing immigration from other 
domains. Previously, we achieved selective elim- 
ination of OPs using Diphtheria toxin A (DTA) 
under Sox/0 transcriptional control (27). We gen- 
erated an analogous A/dh1L1-based system in 
which the nonrecombined transgene expresses 
eGFP, whereas cre exposure deletes eGFP and 
promotes D74 expression (Fig. 3A). Intercrosses 
with Pax3-cre mice resulted in perinatal lethality 
(10% survivors observed versus 25% expected). 
The dorsal spinal cord (corresponding to the Pax3 
domain) of P25 animals showed atrophy, reduc- 
tion in the total number of A/dh1L1-expressing 
cells, loss of neuropil, and congested neurons 
(Fig. 3, C and D, and fig. S4A). We did not ob- 
serve increased inflammation, gliosis, or BBB 
permeability in these mice (fig. S4, A and C), 
suggesting that remaining astrocytes were suf- 
ficient for structural maintenance. Although ven- 
tral astrocytes might have invaded to rescue the 
dorsal cord, this possibility was ruled out because 
they would have continued to express GFP. The 


loxP 
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DTA control 


Pax3 : DTA 
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mild phenotype of Pax3-cre:AldhIL1-DTA ani- 
mals suggested astrocyte depletion rather than 
ablation. We quantified astrocyte depletion by 
crossing Aldh1L1-DTA with BLBP-cre, active in 
radial glia. Double-transgenics died at birth, but 
at E17.5 we observed 43% excision of transgene 
GFP and a 28% reduction in AldoC’ astrocytes 
(fig. S4B). It is possible that some astrocytes 
survived because they are resistant to attenuated 
DTA (27); alternatively, expression of our trans- 
gene might be variegated. 

We tested whether astrocyte depletion could 
be used to assess local neuronal support functions 
using Olig2-cre:AldhIL1-DTA mice, which were 
suitable because motor neurons (MNs, derived 
from pMN) are invested with several synaptic 
terminal types (Fig. 3E). Although we found a 
~30% depletion of AldoC* astrocytes in the 
ventral horns at P28 (fig. S4C), the number and 
size of MNs were unaffected (fig. S5, A and B). 
We counted choline acetyltransferase (CHAT)" 
synaptic relays over the entire surface of MN 
soma but found no significant differences be- 
tween DTA and control mice (fig. SSC). Simi- 
larly, we found no change in the number of 
vGluT2-PSD95" (postsynaptic density 95) ex- 
citatory presynaptic inputs (fig. SSF). In con- 
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NeuN/GFP 


NeuN 
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subtypes. CST, corticospinal tract. (F and G) We observed no differences in the 
number of cholinergic CHAT or vGlut2 (fig. $5) synapses. (H and I) Numbers of 
excitatory vGluT1-PSD95 synapses were significantly decreased, whereas (J and 
K) inhibitory vGAT-gephyrin synapses were significantly increased in bigenic 
animals compared with controls. For quantification, see fig. S5. 


trast, there was a significant (P = 0.006) decrease 
in vGluT1-PSD95° excitatory inputs from pro- 
prioceptive axons and a significant increase (P= 
0.004) in vGAT-gephyrin* inhibitory inputs in 
DTA mice (Fig. 3, H to K, and fig. S5, D and E). 
Thus, pMN-derived astrocytes are required for 
genesis and/or maintenance of certain types of 
synapses on MNs, and this function cannot be 
rescued by astrocytes from adjacent domains. 
Is localized investment of astrocytes a general 
phenomenon throughout the CNS? We analyzed 
intercrosses of Emx/-cre, Dbx1-cre, or Nkx2.1-cre 
drivers, which label dorsal, intermediate, and ven- 
tral forebrain precursor cells, respectively, with 
a conditional Rosa-tdTomato reporter line or 
Aldh1L1-GFP. Forebrain astrocytes all demon- 
strated DV restriction associated with their do- 
mains of origin without detectable secondary 
migration (Fig. 4, A to N, and fig. S7A), even after 
injury (fig. S6). We observed many GFP" cortical 
interneurons in Nkx2.1-cre:Rosa-tdIomato mice 
that migrate from the medial ganglionic eminence 
during development (Fig. 4, K to N). In sharp 
contrast, astrocytes derived from Nkx2.1]-cre ter- 
ritory remained ventral (Fig. 4, J, L, and N). 
Our transgenic cre-loxP approach labeled 
broad progenitor domains. For higher resolution, 
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Fig. 4. Region-restricted astrocyte investment from forebrain radial glia. 
(A to D) Emx1-creERT2 (induced E17):Rosa26-tdTomato labeled cells; note (A’) 
distribution of astrocytes (green) confined to cortical plate and corpus 
callosum. Red box indicates region of cortex analyzed in (B) to (D). (E to 1) 
Distribution of Dbx1-cre astrocytes in striatum. Red boxes indicate regions of 
cortex and striatum analyzed in (F) to (1). (J to N) Distribution of Nkx2.1- 
creERT2 (induced E17) astrocytes in ventromedial forebrain. Red box in 
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cortex indicates fate- nee interneurons. (O to S) Distribution of 
astrocytes after radial glial Ad-cre infection of P1 Z/EG reporter mice in 
the forebrain regions indicated analyzed at P4 or P28. Astrocytes were 
recognized by morphology and AldoC immunolabeling. We injected dorsal 
(n = 20), ventral (n = 21), medial (n = 19), and cortical (n = 17) brain 
regions (red arrows). No tangential astrocyte migration was observed. PALv, 
ventral pallidum. 


we targeted foci of radial glia by adenovirus-cre 
infection of the cortical surface of Pl Z/EG re- 
porter mice (28), and analyzed the forebrains 
by GFP immunolabeling at P4 and P28 (Fig. 4, 
O to S, and fig. S7B). At P4, GFP”, AldoC* im- 
mature astrocytes were found in close associa- 
tion with infected radial glial fibers (Fig. 40). 
At P28, we observed restricted labeling of ep- 
endymal and astrocyte-like cells in the VZ and 
sub-VZ along with a trail of astrocytes distrib- 
uted along the former trajectory of the radial 
glial processes (Fig. 4, P to R). This experiment 
was performed repeatedly (n = 77) to label DV 
and rostral-caudal regions comprehensively. Three- 
dimensional reconstructions of findings are sum- 
marized in Fig. 4S and movies S82 to S5. In every 
case, we found that the distribution of labeled 
astrocytes corresponded closely to the trajecto- 
ries of the processes of their radial glial ancestors, 
in keeping with other findings in cortex (29). 
Although certain astrocyte functions might be 
common throughout the CNS (e.g., formation of 
the BBB), other functions subserve the local neu- 
ronal circuitry and might be domain-specific. In 
this study we tested (i) whether astrocytes gener- 
ated in different domains become intermixed or 
remain spatially segregated, (ii) whether neurons 
are functionally dependent on astrocytes that 
are generated from the same progenitor domains, 
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and (iii) whether such domain-specific roles can 
be rescued by astrocytes from adjacent regions. 
Our data indicate that astrocytes migrate from 
the VZ in a strictly radial fashion, reminiscent of 
the columnar distribution of cortical projection 
neurons (30), forming well-defined, stable spatial 
domains throughout the CNS. We found no evi- 
dence for secondary tangential migration of FAs 
or PAs during development, adulthood, or after 
injury. Although some astrocytes may be derived 
from the division of local nonradial glial precursors 
(31), our study shows that they do not disperse 
tangentially. The restricted distribution of fore- 
brain astrocytes after neonatal adenovirus infec- 
tion results in exquisite maps that reflect the 
original trajectory of their radial glial precursors. 
It follows that astrocytes might serve as a scaffold 
and retain spatially encoded information estab- 
lished during neural tube patterning—e.g., for 
purposes of axon guidance. 

Astrocytes in various spatial domains might 
become specialized for interactions with their 
own particular neuronal neighbors as result of 
common patterning mechanisms. We selectively 
removed a fraction of pMN-derived astrocytes 
by targeted expression of DTA and found that 
numbers of certain synapses on MNs were 
altered. Our findings show that astrocytes from 
neighboring progenitor domains were unable to 


invade and rescue the depleted area, indicating 
essential region-specific neuron-astrocyte interac- 
tions. The transgenic tools we have developed 
allow for genetic manipulation of specific astro- 
cyte subgroups, e.g., to mis-specify their posi- 
tional fate while leaving early VZ patterning and 
neuronal subtype specification intact. Our find- 
ings demonstrate that region-restricted astrocyte 
allocation is a general CNS phenomenon and re- 
veal intrinsic limitations of the astroglial response 
to injury. They further suggest that astrocytes might 
act as stable repositories of spatial information 
necessary for development and local regulation 
of brain function. 
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Structure determination of proteins and other macromolecules has historically required the growth 
of high-quality crystals sufficiently large to diffract x-rays efficiently while withstanding radiation 
damage. We applied serial femtosecond crystallography (SFX) using an x-ray free-electron laser 
(XFEL) to obtain high-resolution structural information from microcrystals (less than 1 micrometer 
by 1 micrometer by 3 micrometers) of the well-characterized model protein lysozyme. The 
agreement with synchrotron data demonstrates the immediate relevance of SFX for analyzing 

the structure of the large group of difficult-to-crystallize molecules. 


x-ray crystallography is an important step 

in the quest to understand the chemical 
mechanisms underlying biological function. Al- 
though facilitated greatly by synchrotron x-ray 
sources, the method is limited by crystal quality 
and radiation damage (/). Crystal size and ra- 
diation damage are inherently linked, because 
reducing radiation damage requires lowering the 
incident fluence. This in turn calls for large crys- 
tals that yield sufficient diffraction intensities while 
reducing the dose to individual molecules in 
the crystal. Unfortunately, growing well-ordered 
large crystals can be difficult in many cases, par- 
ticularly for large macromolecular assemblies and 
membrane proteins. In contrast, micrometer-sized 
crystals are frequently observed. Although diffrac- 
tion data of small crystals can be collected by using 
microfocus synchrotron beamlines, this remains 


Be macromolecular structures by 


a challenging approach because of the rapid dam- 
age suffered by these small crystals (/). 

Serial femtosecond crystallography (SFX) using 
x-ray free-electron laser (XFEL) radiation is an 
emerging method for three-dimensional (3D) struc- 
ture determination using crystals ranging from a 
few micrometers to a few hundred nanometers 
in size and potentially even smaller. This method 
relies on x-ray pulses that are sufficiently intense 
to produce high-quality diffraction while of short 
enough duration to terminate before the onset of 
substantial radiation damage (2-4). X-ray pulses 
of only 70-fs duration terminate before any chem- 
ical damage processes have time to occur, leaving 
primarily ionization and x-ray—induced thermal 
motion as the main sources of radiation damage 
(2-4). SFX therefore promises to break the cor- 
relation between sample size, damage, and res- 
olution in structural biology. In SFX, a liquid 


microjet is used to introduce fully hydrated, ran- 
domly oriented crystals into the single-pulse XFEL 
beam (5-8), as illustrated in Fig.1. A recent low- 
resolution proof-of-principle demonstration of 
SFX performed at the Linac Coherent Light Source 
(LCLS) (9) using crystals of photosystem I ranging 
in size from 200 nm to 2 um produced interpret- 
able electron density maps (6). Other demonstra- 
tion experiments using crystals grown in vivo (7), 
as well as in the lipidic sponge phase for mem- 
brane proteins (8), were recently published. How- 
ever, in all these cases, the x-ray energy of 1.8 keV 
(6.9 A) limited the resolution of the collected data 
to about 8 A. Data collection to a resolution better 
than 2 A became possible with the recent commis- 
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stoning of the LCLS Coherent X-ray Imaging (CXT) 
instrument (/0). The CXI instrument provides 
hard x-ray pulses suitable for high-resolution crys- 
tallography and is equipped with Cornell-SLAC 
Pixel Array Detectors (CSPADs), consisting of 
64 tiles of 192 pixels by 185 pixels each, arranged 
as shown in Fig. 1 and figs. S1 and $2. The CSPAD 
supports the 120-Hz readout rate required to mea- 
sure each x-ray pulse from LCLS (//, 12). 
Here, we describe SFX experiments per- 
formed at CXI analyzing the structure of hen 


CSPAD detector 
(z = 93 mm) 


Liquid Jet 
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egg-white lysozyme (HEWL) as a model 
system by using microcrystals of about 1 um 
by 1 um by 3 um (4, //). HEWL is an extremely 
well-characterized protein that crystallizes eas- 
ily. It was the first enzyme to have its structure 
determined by x-ray diffraction (/3) and has 
since been thoroughly characterized to very high 
resolution (/4). Lysozyme has served as a model 
system for many investigations, including radia- 
tion damage studies. This makes it an ideal sys- 
tem for the development of the SFX technique. 


Be lenses 


Undulator 
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Microcrystals of HEWL in random orientation 
were exposed to single 9.4-keV (1.32 A) x-ray 
pulses of 5- or 40-fs duration focused to 10 jum? at 
the interaction point (Fig. 1). The average 40-fs 
pulse energy at the sample was 600 J per pulse, 
corresponding to an average dose of 33 MGy de- 
posited in each crystal. This dose level represents 
the classical limit for damage using cryogenically 
cooled crystals (/5). The average 5-fs pulse energy 
was 53 uJ. The SFX-derived data were compared 
to low-dose data sets collected at room temper- 
ature by using similarly prepared larger crystals 
(/1). This benchmarks the technique with a well- 
characterized model system. 

We collected about 1.5 million individual “snap- 
shot” diffraction patterns for 40-fs duration pulses 
at the LCLS repetition rate of 120 Hz using the 
CSPAD. About 4.5% of the patterns were clas- 
sified as crystal hits, 18.4% of which were indexed 
and integrated with the CrystFEL software (/4) 
showing excellent statistics to 1.9 A resolution 
(Table 1 and table S1). In addition, 2 million 
diffraction patterns were collected by using x-ray 
pulses of 5-fs duration, with a 2.0% hit rate and 
a 26.3% indexing rate, yielding 10,575 indexed 
patterns. The structure, partially shown in Fig. 2A, 
was determined by molecular replacement [using 
Protein Data Bank (PDB) entry 1 VDS] and using 
the 40-fs SFX data. No significant differences were 
observed in an Fy,(40 fs) — Fors (synchrotron) 
difference electron density map (Fig. 2B). The 


Fig. 1. Experimental geometry for SFX at the CXI instrument. Single-pulse diffraction patterns from 
single crystals flowing in a liquid jet are recorded on a CSPAD at the 120-Hz repetition rate of LCLS. Each 
pulse was focused at the interaction point by using 9.4-keV x-rays. The sample-to-detector distance (z) was 


93 mm. 


Table 1. SFX and synchrotron data and refinement statistics. Highest 
resolution shells are 2.0 to 1.9 A. Repti is as defined in (26): Repiit = 


electron density map shows features that were 
not part of the model (different conformations of 
amino acids and water molecules) and shows no 


XDS (20). B factors were calculated with TRUNCATE (272). R and rmsd values 
were calculated with PHENIX (22). n.a., not applicable. The diffraction pat- 
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terns have been deposited with the Coherent X-ray Imaging Data Bank, 
cxidb.org (accession code ID-17). 


Parameter 40-fs pulses 5-fs pulses SLS RT data 3 
Wavelength 1.32 A 1.32 A 0.9997 A 

X-ray focus (um?) ~10 ~10 ~100 x 100 

Pulse energy/fluence at sample 600 uJ/4 x 107" photons per pulse 53 J/3.5 x107° photons per pulse n.a./2.5 x 10°° photons/s 
Dose (MGy) 33.0 per crystal 2.9 per crystal 0.024 total 

Dose rate (Gy/s) 8.3 x 107° 5.8 x 107° 9.6 x 10° 

Space group P432,2 P432,2 P432,2 


Unit cell length (A), a = B = y = 90° 


Oscillation range/exposure time 


a=b=79,c = 38 
Still exp./40 fs" 


No. collected diffraction images 1,471,615 
No. of hits/indexed images 66,442/12,247 
Number of reflections na. 
Number of unique reflections 9921 
Resolution limits (A) 35.3-1.9 
Completeness 98.3% (96.6%) 
I/o(I) 7.4 (2.8) 
Rept 0.158 
Rmerge na. 
Wilson B factor 28.3 A? 
R-factor/R-free 0.196/0.229 
Rmsd bonds, Rmsd angles 0.006 A, 1.00° 
PDB code 4ET8 


a=b=79,c = 38 


a=b=79.2,c = 38.1 


Still exp./5 fs” 1.07/0.25 s 
1,997,712 100 
40,115/10,575 n.a./100 
na. 70,960 
9743 9297 
35.3-1.9 35.4-1.9 
98.2% (91.2%) 92.6% (95.1%) 
7.3 (3.1) 18.24 (5.3) 
0.159 na. 
na. 0.075 (0.332) 
28.5 Az 19.4 A? 
0.189/0.227 0.166/0.200 
0.006 A, 1.03° 0.007 A, 1.05° 
AET9 AETC 


*Electron bunch length 
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Fig. 2. (A) Final, refined 2mFp; — DF atc (1.50) electron density map (17) of lysozyme at 1.9 A resolution 
calculated from 40-fs pulse data. (B) Fo,;(40 fs) — Fob; (synchrotron) difference Fourier map, contoured at 
+3 o (green) and —3 o (red). No interpretable features are apparent. The synchrotron data set was 


collected with a radiation dose of 24 kGy. 


discernible signs of radiation damage. Also, when 
the data were phased with molecular replace- 
ment by using the turkey lysozyme structure as a 
search model (PDB code 1LJN), the differences 
between the two proteins were immediately ob- 
vious from the maps (fig. S3). 

Even though the underlying radiation dam- 
age processes differ because of the different time 
scales of the experiments using an XFEL and a 
synchrotron or rotating anode (femtoseconds ver- 
sus seconds or hours), no features related to ra- 
diation damage are observed in difference maps 
calculated between the SFX and the low-dose 
synchrotron data (Fig. 2B). In addition to local 
structural changes, metrics like //Jp [the ratio 
of measured intensities (/) to the ideal calcu- 
lated intensities (/p)] and the Wilson B factor are 
most often used to characterize global radiation 
damage in protein crystallography (17). J/Io is 
not applicable to the SFX data. However, the 
Wilson B factors of both SFX data sets show 
values typical for room-temperature data sets and 
do not differ significantly from those obtained 
from synchrotron and rotating anode data sets 
collected with different doses, using similarly 
grown larger crystals kept at room temperature 
and fully immersed in solution (//) (Table 
1 and table S1). The R factors calculated be- 
tween all collected data sets do not show a dose- 
dependent increase (fig. S4). However, higher 
R factors are observed for the SFX data, indi- 
cating a systematic difference. This is not caused 
by nonconvergence of the Monte Carlo integra- 
tion, because scaling the 40- and 5-fs data to- 
gether does not affect the scaling behavior. 
Besides non-isomorphism or radiation damage, 
possible explanations for this difference could 
include suboptimal treatment of weak reflections, 
the difficulties associated with processing still 
diffraction images, and other SFX-specific steps 
in the method. SFX is an emerging technique, 
and data processing algorithms, detectors, and 


data collection methods are under continuous 
development. 

A simple consideration shows the attainable 
velocities of atoms in the sample depend on the 
deposited x-ray energy versus the inertia of those 
atoms: (v) = \/3kgT /m, where m is the mass of 
acarbon atom, for example, Tis temperature, and 
kg is Boltzmann’s constant. For an impulse ab- 
sorption of energy at the doses of our LCLS 
measurements, we predict average velocities less 
than 10 A/ps, which gives negligible displace- 
ment during the FEL pulses. On the time scale 
of femtoseconds, radiation damage is primarily 
caused by impulsive rearrangement of atoms and 
electron density rather than the relatively slow- 
processes of chemical bond breaking typical in 
conventional crystallography using much lon- 
ger exposures at much lower dose rates (the dose 
rate in this experiment was about 0.75 MGy per 
femtosecond). 

Neither the SFX electron density maps nor 
the Wilson B factors suggest obvious signs of 
significant radiation damage. Very short pulses 
(5-fs electron bunch) are not expected to produce 
observable damage, according to simulations (3). 
Furthermore, it has been reported that the actual 
x-ray pulses are shorter than the electron bunches 
for XFELs, making the pulse duration possibly 
shorter than the relevant Auger decays (/8). The 
agreement between the SFX results using 40-fs 
pulses and 5-fs pulses suggests similar damage 
characteristics for the two pulse durations on 
the basis of the available data. Our results dem- 
onstrate that under the exposure conditions used, 
SFX yields high-quality data suitable for struc- 
tural determination. SFX reduces the require- 
ments on crystal size and therefore the method is 
of immediate relevance for the large group of 
difficult-to-crystallize molecules, establishing 
SFX as a very valuable high-resolution comple- 
ment to existing macromolecular crystallogra- 
phy techniques. 


References and Notes 
1. J. M. Holton, K. A. Frankel, Acta Crystallogr. D66, 393 
(2010). 
2. R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, 
Nature 406, 752 (2000). 
A. Barty et al., Nat. Photonics 6, 35 (2011). 
L. Lomb et al., Phys. Rev. B 84, 214111 (2011). 
D. P. DePonte et al., J. Phys. D 41, 195505 (2008). 
H. N. Chapman et al., Nature 470, 73 (2011). 
R. Koopmann et al., Nat. Methods 9, 259 (2012). 
L. C. Johansson et al., Nat. Methods 9, 263 (2012). 
P. Emma et al., Nat. Photonics 4, 641 (2010). 
S. Boutet, G. J. Williams, New J. Phys. 12, 035024 (2010). 
11. Materials and methods are available as supplementary 
materials on Science Online. 
12. H.T. Philipp, M. Hromalik, M. Tate, L. Koerner, S. M. Gruner, 
Nucl Instrum. Methods A 649, 67 (2011). 
13. C. C. F. Blake et al., Nature 206, 757 (1965). 
14. J. Wang, M. Dauter, R. Alkire, A. Joachimiak, Z. Dauter, 
Acta Crystallogr. D63, 1254 (2007). 
15. R. L. Owen, E. Rudifio-Pifera, E. F. Garman, Proc. Natl. 
Acad. Sci. U.S.A. 103, 4912 (2006). 
16. T. A. White et al., J. Appl. Cryst. 45, 335 (2012). 
R. J. Southworth-Davies, M. A. Medina, |. Carmichael, 
E. F. Garman, Structure 15, 1531 (2007). 
L. Young et al., Nature 466, 56 (2010). 
R. J. Read, Acta Crystallogr. A42, 140 (1986). 
20. W. Kabsch, J. Appl. Cryst. 26, 795 (1993). 
A. J. McCoy, R. W. Grosse-Kunstleve, L. C. Storoni, 
R. J. Read, Acta Crystallogr. D61, 458 (2005). 
P. D. Adams et al., Acta Crystallogr. D66, 213 
(2010). 


Acknowledgments: Portions of this research were carried 

out at the LCLS, a National User Facility operated by Stanford 
University on behalf of the U.S. Department of Energy (DOE), 
Office of Basic Energy Sciences (OBES) and at the Swiss 

Light Source, beamline X10SA, Paul Scherrer Institute, Villigen, 
Switzerland. The CXI instrument was funded by the LCLS 
Ultrafast Science Instruments (LUSI) project funded by DOE, 
OBES. We acknowledge support from the Max Planck Society, 
the Hamburg Ministry of Science and Research, and the 
Joachim Herz Stiftung, as part of the Hamburg Initiative 

for Excellence in Research (LEXI); the Hamburg School 

for Structure and Dynamics in Infection; the U.S. NSF 
(awards 0417142 and MCB-1021557); the NIH (award 
1R01GM095583); the German Federal Ministry for Education 
and Research (grants 01KX0806 and 01KX0807); the Deutsche 
Forschungsgemeinschaft Cluster of Excellence EXC 306; AMOS 
program within the Chemical Sciences, Geosciences, and 
Biosciences Division of the OBES, Office of Science, U.S. 
DOE; the Swedish Research Council; the Swedish Foundation 
for International Cooperation in Research and Higher 
Education. We thank A. Meinhart and E. Hofmann for 
collecting the synchrotron data set, M. Gebhart for help 
preparing the crystals, and M. Hayes and the technical staff 
of SLAC and the LCLS for their great support in carrying 

out these experiments. Special thanks to G. M. Stewart, 

T. Anderson, and SLAC Infomedia for generating Fig. 1. 

The structure factors and coordinates have been deposited 
with the Protein Data Bank (accession codes 4ET8, 4ET9, 
4ETA, 4ETB, 4ETC, 4ETD, and 4ETE). The diffraction patterns 
have been deposited with the Coherent X-ray Imaging Data 
Bank cxidb.org (accession code ID-17). The Arizona Board of 
Regents, acting for and on behalf of Arizona State University 
and in conjunction with R.B.D., U.W., D.P.D., and J.C.H.S., 
has filed U.S. and international patent applications on the 
nozzle technology applied herein. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1217737/DC1 
Materials and Methods 

Figs. $1 to S7 

Table $1 

References (23-26) 


12 December 2011; accepted 21 May 2012 
Published online 31 May 2012; 
10.1126/science.1217737 


20 JULY 2012, VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on July 19, 2012 


LIFE SCIENCE TECHNOLOGIES 


Produced by the Science/AAAS Custom Publishing Office 


New Products: DNA/RNA Analysis 


RNA QUANTITATION 

The One-Step RT-ddPCR kit for probes provides researchers with the ability to 
measure target RNA molecules with precision and sensitivity for applications 
such as gene expression analysis, miRNA analysis, and viral load quantitation. 
The One-Step RT-ddPCR kit creates a new paradigm for the precise quantitation 
of RNA by combining reverse transcription with Droplet Digital PCR (ddPCR). Re- 
searchers can use the One-Step RT-ddPCR kit for probes with Bio-Rad’s QX100 
Droplet Digital PCR system to determine small differences in copy number of 
target RNA that they were previously unable to measure using real-time poly- 
merase chain reaction (qPCR). In combination with the QX100 ddPCR system, 
the One-Step RT-ddPCR Kit for probes allows scientists to enrich for rare target 
RNA sequences, detect small differences in gene expression levels, and deter- 


mine copies of an RNA molecule without a standard curve. 
Bio-Rad 
For info: 800-424-6723 | www.bio-rad.com 


CHROMATIN IMMUNOPRECIPITATION KIT 

The Magna ChIP HT96 kit is designed for high throughput chromatin 
immunoprecipitation (ChIP). Using the kit, ChIP can be performed 
on up to 96 samples in a single experiment using as few as 10,000 
cells per well. The optimized protocol uses a single, proprietary buf- 
fer for sonication, immunoprecipitation, and washing, which yields 
excellent sensitivity and lower backgrounds than conventional ChIP 
methods. The Magna ChIP HT96 protocol has been designed and 
optimized for efficient immunoprecipitation and recovery of DNA. 
Consequently, in many cases, a separate DNA purification step is 
not required for downstream analysis. The Magna ChIP HT96 kits 
utilize a magnetic protein A/G bead blend that provides multiple ad- 
vantages over single-bead approaches. In contrast to kits with either 
protein A or protein G, the Magna ChIP A/G beads allow affinity cap- 
ture of a broader range of antibody isotypes. 

EMD Millipore 

For info: 800-645-5476 | www.millipore.com/epigenetics 


NUCLEIC ACID STAIN 

The LabSafe Nucleic Acid Stain is a new and safe nucleic acid stain 
for the visualization of double-stranded DNA, single-stranded DNA, 
and RNA in agarose gels. The dyes are developed to replace toxic 
ethidium bromide (a potent mutagen), commonly used in gel electro- 
phoresis for visualization of nucleic acids in agarose gels. LabSafe 
Nucleic Acid Stain is noncarcinogenic by the Ames test. The results 
are negative in both the mouse marrow chromophilous erythrocyte 
micronucleus and mouse primary spermatocyte chromosomal aber- 
ration tests. LabSafe Nucleic Acid Stain emits green fluorescence 
when bound to dsDNA and red fluorescence when bound to ssDNA 
or RNA. It has two excitation wavelength peaks when bound to nu- 
cleic acid, at 290 nm and 490 nm. 

G-Biosciences 

For info: 314-991-6034 | www.gbiosciences.com 


WHOLE GENOME AMPLIFICATION KIT 
The Ampli1 Whole Genome Amplification Kit has been uniquely 


designed to optimize whole gene amplification of the DNA from a 
single cell. This new method combines all the amplification steps 
into single-tube protocol to avoid template loss. DNA released from 
the single cell is amplified with a single primer generating a library 
of highly concentrated DNA fragments which represent the complete 
genome. The DNA fragments can be employed for further targeted 
genetic research analysis including sequencing, microsatellite analy- 
sis, SNPs detection, or copy number variation analysis. The Ampli1 
WGA Kit also supports the DNA amplification of samples containing 
higher numbers of cells. Although the best results are obtained with 
DNA from live cells, good results have also been obtained with single 
fixed or fixed and permeabilized cell samples such as paraformalde- 
hyde fixed or cells stained with fluorophore conjugated antibodies. 
Silicon Biosystems 

For info: +39-051-4071300 | www.siliconbiosystems.com/ampili. 
page 


MULTIPLEX GENE EXPRESSION ANALYSIS 

TRAC (Transcript Analysis with the aid of Affinity Capture) is a new 
approach for measuring gene expression offering several benefits 
over real-time polymerase chain reaction (qPCR), including higher 
sample throughput, increased assay speed, and reduced technical 
variation. The method can reliably analyze the expression of up to 30 
transcripts per sample using 96 well plates and avoids the need for 
RNA extraction, CDNA conversion, and amplification—making it fast, 
simple, accurate, and cost-effective. While the technology can be 
used to measure any known gene sequence, several predesigned 
detection panels are offered, including the recently updated Human 
ADME-Tox library. This includes validated probes for members of 
the Cytochrome P450 family of genes, used to investigate in vitro 
drug interactions during preclinical studies. TRAC also has a wide 
range of research and process optimization applications and can be 
easily set up in a user’s laboratory, or utilized via the FAST TRAC 
outsourced service. 

Plexpress 

For info: +358-50-313-9427 | www.plexpress.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 


SCIENCE VOL 337 


20 JULY 2012 


365 


Downloaded from www.sciencemag.org on July 19, 2012 


Orbitrao mass spec 


is better, but It’s too 


expensive. 
to settle for 


| may have 
Q-TOF. 


think again. 


a) ee 


ate Q Exactive LTQ Orbitrap XL Orbitrap Vi Velos Pro Orbitran 


LC-MS/MS Hybrid FTMS Hybrid MS Hybrid 


Thermo Scientific Orbitrap mass spec is better! The amazing resolution, acc 


of Orbitrap™ technology is the 


affordable than ever. The Orbitr. 


to ultra-high performance res 


best solution for complex sample analysis. The 


ap mass spec portfolio provides a range of soluti 


Elite 
MS 


uracy, Seeed and precision 
good news is that it’s more 


ons from routine screening 


earch instruments that will help virtually any lab achieve more. In doubt? 


Check out the line of researchers waiting to use an Orbitrap mass spec. Then see if there’s a line to use 


the other mass spectrometers in your lab. 


Antibodies and Related Reagents for Signal Transduction Research 


a 


The Highest Quality 


Cytokines & Growth Factors 


..from Cell Signaling Technology 


The world’s highest quality antibody provider has now 


extended its expertise to cytokine production. 


‘uj ‘ADojouyoe| Huljeubis {189 2102 © 


=: Produced and bioassayed in house Human Interleukin-1 7A (hIL-1 7A) #8928 
with the highest purity and bioactivity. Purity Bioactivity Downstream Signaling 
:: Comparison of multiple lots, stringent a aD 12) sccseneiies a 
product specifications, and rigorous am alee ° 
. . 116 o8 . Phospho-p38 MAPK na 
quality control ensures maximum 7 go ‘aa e 
. 66 J = 
lot-to-lot consistency. 55 é 2 
S04 2 a 
:! Endotoxin levels are routinely tested 37| | of a 
; 31 | hlL-17A (-) 0 8 
and are less than 0.01 ng/pg cytokine. oo om S 
22 | hIL-17A (+) oor oof 64 10 100 ~—t000 40 —- rere ca 
. 30 x 
:: Many products are produced in “ PIL-TZA (ng az 
ali Il se al é The production of IL-6 by human 2 3 
mammalian cells to maximize natur foreskin fibroblasts cultured with SQ NS ILA (ng/ml) z= 
. : F eae J & 
conformation and glycosylation. +s Hk eta a Ui ad Human foreskin fibroblasts treated 2 
“ Afaleemilll ie abi 6 ig reduced (+) and non-reduced (-) : with hiL-17A for 15 minutes were g 
+ Viulti-milligram quantities available. recombinant hiL-17A. examined using phospho- and total a 
p38 MAPK antibodies. é 


for quality products you can trust... : , 
ial Cell Signaling 


www.cellsignal.com 


/ 
For Research Use Only. Not For Use In Diagnostic Procedures. Orders (toll-free) 1-877-616-2355 | Inquiries info@cellsignal.com | FP bivironwontal Commitment eco.cellsignal.com 


TECHNOLOGY® 


Any sample, any application — no limits 


Maximize success 
with QIAGEN sample technologies 


Innovative, room-temperature sample collection and stabilization 
DNA, RNA, and protein purification from any sample 
Hands-free automated sample preparation 


Reliable genetic, epigenetic, and gene expression analysis from FFPE samples 


Whole genome and transcriptome amplification to overcome sample limitations S203800 


mplePortf091 0S 1WW 


ADNASar 


Contact QIAGEN today or visit www.qiagen.com/sample-technologies 


Sample & Assay Technologies 


Learn how current events 
are impacting your work. 


Science\nsider, the new policy blog from the journal Science, is your source 
for breaking news and instant analysis from the nexus of politics and science. 


Produced by an international team of science journalists, Sciencelnsider 
offers hard-hitting coverage on a range of issues including climate change, 
bioterrorism, research funding, and more. 


Before research happens at the bench, science policy is formulated in the 
halls of government. Make sure you understand how current events are 
impacting your work. Read Sciencelnsider today. 


www.Sciencelnsider.org 


Sciencelnsider 


Breaking news and analysis from the world of science policy 


| seek Tne future. 


Next-generation sequencing for all you seek. 


You want amazing accuracy and performance on your benchtop. 
Illumina delivers—yet again. The MiSeq Personal Sequencer is the 
only fully integrated, truly end-to-end benchtop solution around. It’s 
just one more example of why Illumina solutions generate a remarkable 


® 
90% of all the world’s sequencing data. Discover what's possible. | | U f i N a 


Now 
Automation- 
Friendly! 


Light“Cycier® 


LightCycler’480 Real-Time PCR System 
Enabling advanced qPCR for the experienced user 


= Generate reproducible, reliable data — without 
ROX dye (Figure 1). 


= Perform advanced analysis with powerful software. 


= Easily switch between 96- and 384-well formats 


- without calibration. 


Figure 1: Influence of the Therma-Base layer on 
temperature homogeneity across a 384-well plate. 
(a): LightCycler® 480 Real-Time PCR System including 
Therma-Base; (b): 384-well plate on Applied Biosystems 
7900HT without Therma-Base. 


= Readily integrate with robotics. 


Visit www.lightcycler480.com or call 800 262 4911 


Data generated at Roche Applied Science. to learn more. 


For life science research only. Roche Diagnostics Corporation 
Roche Applied Science 


Not for use in diagnostic procedures. 
Indianapolis, Indiana 
LIGHTCYCLER is a trademark of Roche. 


All other product names and trademarks are the property © 2012 Roche Diagnostics. 
of their respective owners. All rights reserved. 


membercentral.aaas.org 


44 


best practices for 
overcoming skepticism 
post-Climategate. 


One more data point on why you should spend 
more time at membercentral.aaas.org. There you 
can enjoy webinars, videos, blogs, discounts, 
and downloads geared for people who prefer 


content based on empirical evidence. 


MNAAAS 


MEMBERCENTRAL 


LIFE SCIENCE TECHNOLOGIES 


Produced by the Science/AAAS Custom Publishing Office 


New Products: DNA/RNA Analysis 


RNA QUANTITATION 

The One-Step RT-ddPCR kit for probes provides researchers with the ability to 
measure target RNA molecules with precision and sensitivity for applications 
such as gene expression analysis, miRNA analysis, and viral load quantitation. 
The One-Step RT-ddPCR kit creates a new paradigm for the precise quantitation 
of RNA by combining reverse transcription with Droplet Digital PCR (ddPCR). Re- 
searchers can use the One-Step RT-ddPCR kit for probes with Bio-Rad’s QX100 
Droplet Digital PCR system to determine small differences in copy number of 
target RNA that they were previously unable to measure using real-time poly- 
merase chain reaction (qPCR). In combination with the QX100 ddPCR system, 
the One-Step RT-ddPCR Kit for probes allows scientists to enrich for rare target 
RNA sequences, detect small differences in gene expression levels, and deter- 


mine copies of an RNA molecule without a standard curve. 
Bio-Rad 
For info: 800-424-6723 | www.bio-rad.com 


CHROMATIN IMMUNOPRECIPITATION KIT 

The Magna ChIP HT96 kit is designed for high throughput chromatin 
immunoprecipitation (ChIP). Using the kit, ChIP can be performed 
on up to 96 samples in a single experiment using as few as 10,000 
cells per well. The optimized protocol uses a single, proprietary buf- 
fer for sonication, immunoprecipitation, and washing, which yields 
excellent sensitivity and lower backgrounds than conventional ChIP 
methods. The Magna ChIP HT96 protocol has been designed and 
optimized for efficient immunoprecipitation and recovery of DNA. 
Consequently, in many cases, a separate DNA purification step is 
not required for downstream analysis. The Magna ChIP HT96 kits 
utilize a magnetic protein A/G bead blend that provides multiple ad- 
vantages over single-bead approaches. In contrast to kits with either 
protein A or protein G, the Magna ChIP A/G beads allow affinity cap- 
ture of a broader range of antibody isotypes. 

EMD Millipore 

For info: 800-645-5476 | www.millipore.com/epigenetics 


NUCLEIC ACID STAIN 

The LabSafe Nucleic Acid Stain is a new and safe nucleic acid stain 
for the visualization of double-stranded DNA, single-stranded DNA, 
and RNA in agarose gels. The dyes are developed to replace toxic 
ethidium bromide (a potent mutagen), commonly used in gel electro- 
phoresis for visualization of nucleic acids in agarose gels. LabSafe 
Nucleic Acid Stain is noncarcinogenic by the Ames test. The results 
are negative in both the mouse marrow chromophilous erythrocyte 
micronucleus and mouse primary spermatocyte chromosomal aber- 
ration tests. LabSafe Nucleic Acid Stain emits green fluorescence 
when bound to dsDNA and red fluorescence when bound to ssDNA 
or RNA. It has two excitation wavelength peaks when bound to nu- 
cleic acid, at 290 nm and 490 nm. 

G-Biosciences 

For info: 314-991-6034 | www.gbiosciences.com 


WHOLE GENOME AMPLIFICATION KIT 
The Ampli1 Whole Genome Amplification Kit has been uniquely 


designed to optimize whole gene amplification of the DNA from a 
single cell. This new method combines all the amplification steps 
into single-tube protocol to avoid template loss. DNA released from 
the single cell is amplified with a single primer generating a library 
of highly concentrated DNA fragments which represent the complete 
genome. The DNA fragments can be employed for further targeted 
genetic research analysis including sequencing, microsatellite analy- 
sis, SNPs detection, or copy number variation analysis. The Ampli1 
WGA kit also supports the DNA amplification of samples containing 
higher numbers of cells. Although the best results are obtained with 
DNA from live cells, good results have also been obtained with single 
fixed or fixed and permeabilized cell samples such as paraformalde- 
hyde fixed or cells stained with fluorophore conjugated antibodies. 
Silicon Biosystems 

For info: +39-051-4071300 | www.siliconbiosystems.com/ampli. 
page 


MULTIPLEX GENE EXPRESSION ANALYSIS 

TRAC (Transcript Analysis with the aid of Affinity Capture) is a new 
approach for measuring gene expression offering several benefits 
over real-time polymerase chain reaction (qPCR), including higher 
sample throughput, increased assay speed, and reduced technical 
variation. The method can reliably analyze the expression of up to 30 
transcripts per sample using 96 well plates and avoids the need for 
RNA extraction, cDNA conversion, and amplification—making it fast, 
simple, accurate, and cost-effective. While the technology can be 
used to measure any known gene sequence, several predesigned 
detection panels are offered, including the recently updated Human 
ADME-Tox library. This includes validated probes for members of 
the Cytochrome P450 family of genes, used to investigate in vitro 
drug interactions during preclinical studies. TRAC also has a wide 
range of research and process optimization applications and can be 
easily set up in a user’s laboratory, or utilized via the FAST TRAC 
outsourced service. 

Plexpress 

For info: +358-50-313-9427 | www.plexpress.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 


SCIENCE VOL 337 


20 JULY 2012 


365 


LOCATION: University Faculty Lounge 
ARTICLE: The Visual Impact of Gossip 
DATE: Sep 21, 4:22pm 


LOCATION: Jackson Park Health Club 

ARTICLE: An Electronic Second Skin 

DATE: Sep 21, 7:43am 
LOCATION: Gyro King 
ARTICLE: Cavemen Craved 
Carbs, Too 
DATE: Sep 21, 1:13pm 


LOCATION: Hemlock Bar 

ARTICLE: Quantum Simulation 

of Frustrated Classical Magnetism 
in Triangular Optical Lattices 
DATE: Sep 21, 9:21pm 


LOCATION: Bed 

ARTICLE: Consciousness: 
What, How and Why 
DATE: Sep 21, 10:56pm 


A new way to look at science 


The new Science Reader app for iPad® from AAAS puts Science in your 
hands, wherever you go. Read abstracts, career advice, and highlights 
from our newest journals, Science Signaling and Science Translational 
Medicine. Plus, AAAS members can access full text articles from Science. 
Visit iTunes App Store™ or content.aaas.org/ipad for details. 


Available on the Science 
L] App Store 


Problem? 
Solved. 


By phone, online, or on-site, we're here to quickly 
solve your challenges, no matter how great. 
Get award-winning support for every issue, every time. 


¢ Expert application scientists ready to answer your specific questions 
¢ Field support in more than 60 countries 
¢ Comprehensive website with easy access to manuals, 

protocols & technical documents 


Let us help at lifetechnologies.com/support technologies” 


For research use only. Not intended for any animal or human therapeutic or diagnostic use. ©2012 Life Technologies Corporation. All rights reserved. 
The trademarks mentioned herein are the property of Life Technologies Corporation or their respective owners. TaqMan® is a registered trademark of 
Roche Molecular Systems, Inc., used under permission and license. CO26216 0612 


Invitrogen™ Applied Biosystems® Gibco® Molecular Probes® Novex® TaqMan® Ambion® lon Torrent™ 


online @sciencecareers.org 


Science Careers 


DIVERSITY 


There’s only one 


| 
i : 


3 Science 


SCICNCe yyei 


Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


UNITED STATES & CANADA 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 

United States/Canada/ 
South America 

Phone: 202-326-6577 


Marci Gallun 
Sales Administrator 
Phone: 202-326-6582 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE & REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Simone Jux 
Phone: +44 (0)1223 326529 


Lucy Nelson 
Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


AAPAN 

Yuri Kobayashi 

Phone: +81-50-3696-5100 
E-mail: ykobayas@aaas.org 


CHINA & TAIWAN 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 


Science Careers 


From the journal Science MVAAAS 


ETH 


Eidgendssische Technische Hochschule Zirich 
Swiss Federal Institute of Technology Zurich 


Assistant Professor (Tenure Track) 
of Computer-Aided Chemistry 


The Laboratory of Physical Chemistry of the Department of Chemistry and Ap- 
plied Biosciences at ETH Zurich (www.chab.ethz.ch) invites applications for the 
above-mentioned position. 


Research should preferably aim at modeling the behavior of (bio)chemical systems 
at the atomic, molecular, and supramolecular level on a physico-chemical basis. 
Strong methodological, algorithmic, and computational activities, including practi- 
cal applications, are desirable. Collaboration with experimental groups at ETH as 
well as teaching (in German or English) in all areas of physical and computer-aided 
chemistry is encouraged. 


This assistant professorship has been established to promote the careers of 
younger scientists. The initial appointment is for four years with the possibility 
of renewal for an additional two-year period and promotion to a permanent 
position. 


Your application should include your curriculum vitae, a list of publications and 

a statement of future teaching and research activities. The letter of application 
should be addressed to the President of ETH Zurich, Prof. Dr. Ralph Eichler. 

The closing date for applications is 30 September 2012. ETH Zurich is an equal 
opportunity and affirmative action employer. In order to increase the number of 
women in leading academic positions, we specifically encourage women to apply. 
ETH Zurich is further responsive to the needs of dual career couples and qualifies 
as a family friendly employer. Please apply online at www.facultyaffairs.ethz.ch. 


Fellowships 


The Radcliffe Institute for Advanced 
Study at Harvard University annually 
awards academic-year fellowships that 
enable scientists and mathematicians 
to pursue innovative research while 
participating in the Institute’s diverse 
scholarly community. 


While at Radcliffe, these fellows are 
able to work in Harvard and Boston- 
area labs and with faculty and other 
fellows to explore new avenues in their 
research. 


Scientists in any field who have a 
doctorate in the area of the proposed 
project (by December 2011) and at least 
one published article or monograph are 
eligible to apply for a Radcliffe Institute 
fellowship. The stipend amount of 
$70,000 is meant to complement 
sabbatical leave salaries of faculty 
members. Residence in the Boston 
area is required, as is participation in 
the Institute community. 


Applications for 2013-2014 are due by 
November 1, 2012. 


For more information, please visit 
www.radcliffe.harvard.edu. 


RADCLIFFE INSTITUTE 
FOR ADVANCED STUDY 
HARVARD UNIVERSITY 


Neuroethics 

Program \ yy 
Georgia State University - 
is creating a new interdis- GeorgiaState 
ciplinary Neuroethics Pro- University 
gram, a cooperative venture id 
of the Neuroscience Institute, the Department 
of Psychology, the Department of Philosophy, 
and the College of Law. The Neuroethics Program 
will include three new open-rank tenured/tenure- 
track hires, nine PhD fellowships, and new PhD 
Concentrations in Neuroethics. It will be a part of 
a thriving interdisciplinary community, including 
the resources of the Center for Advanced Brain 
Imaging, the Brains & Behavior Program, the 
Language Research Center, and the Blumenfeld 
Center for Ethics. 


Candidates should have expertise in one or more 
of the following areas: (1) cognitive or affective 
neuroscience, specializing in moral cognition, emo- 
tion, or behavior; (2) ethical and/or legal theory as 
applied to neuroscience; (3) philosophy of neuro- 
science, cognitive science, moral psychology. Can- 
didates must have a record of successful research 
and PhD or JD at time of application. Anticipated 
start date is Fall 2013. Applicants apply online at 
https://academicjobsonline.org/ajo/jobs/1576, 
where they will find more information. Questions 
to chair of the search committee, Eddy Nahmias, 
enahmias@gsu.edu. In addition to these positions, 
the 2CI program is supporting hires in neuroimag- 
ing; primate social cognition, evolution, and behav- 
ior; and neurogenomics. For more information, see 
http://www.gsu.edu/secondcentury/. Review of 
applications will begin on October 15, 2012 and 
continue until the three positions are filled. 
Georgia State University is an AA/EEO 
Employer and encourages applications from 
women and minority candidates. 
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orkplace diversity in the United 

States is increasing, thanks to legis- 

lation beginning with the 1964 Civil 

Rights Act, the women’s and gay 
rights movements, and immigration. An analysis of 
the federal STEM workforce showed that in 2009, 
employment of women was 27 percent compared 
to 21 percent in 2000. Overall employment of mi- 
norities in 2009 was 22 percent (ranging from 9 
percent Asians to 1 percent American Indians). 
However, the overwhelming majority of scientists 
and engineers in senior executive positions were white men 
(scim.ag/MbOOay). The same disparity in leadership is seen in 
academia. Only 3 to 15 percent of full professors were women 
in a 2005 survey of U.S. science and engineering departments 
(scim.ag/LJHvpx). The problem is not lack of candidates: the 
number of Americans receiving STEM Ph.D.s is growing, largely 
driven by women and minorities (Scim.ag/LN4gfO). 


But why is underrepresentation of women, minorities, and other 
groups important? Can diversity in color, gender, sexual orienta- 
tion, and disability status really affect the workplace? Yes, say 
years of business school studies on performance, productivity, 
and profitability. 

“Companies are investing large amounts of money in programs 
to increase diversity, especially in upper management—not to 
be altruistic but because it is more financially successful. They 
actually tell you that in leadership programs,” says Sandra 
Schmid. In addition to a biochemistry Ph.D., Schmid, a profes- 
sor at the University of Texas Southwestern Medical Center, has 
a Master’s degree in executive leadership. Diverse teams bring 
multiple perspectives to problem solving, she says, and make 
strategic decisions that more fully reflect client demographics. 
The benefits of a diverse personnel are so clear that corpora- 
tions actively compete to connect to professional organizations 
for underrepresented groups. Emily Ceisel is a diversity and in- 
clusion specialist at the global biotechnology company Life Tech- 
nologies, which has corporate partnerships with the Society of 
Women Engineers, the National Society of Black Engineers, and 
the Society of Hispanic Professional Engineers, among others. 
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“People who face 
discrimination from a 
young age often have 
extraordinary resil- 
ience and problem- 
solving and coping 
skills—that’s the other 
side of stigma.” 
—Shane Snowden 


She says, “Companies know that in a competitive 
global market their workforce has to be represen- 
tative of that market.” 

Diversity literally pays off, according to Sociology 
Professor Cedric Herring, University of Illinois at 
Chicago. His 2009 analysis of more than 1,000 
general U.S. workplaces showed that personnel 
diversity correlates positively with sales, number 
of customers, and profits relative to competitors 
(scim.ag/NOHAKD). Critics say teams with varied 
cultures and backgrounds have poorer communi- 
cation, greater conflict, and less integration than homogenous 
groups, and possibly lower performance if quotas force com- 
panies to hire unqualified workers. However, a hypothesis that 
melds these pro and con lists says that greater conflict means 
less groupthink and this is precisely why diverse teams are more 
innovative. Jonah Lehrer, writing about creativity, notes that 
a wide social network and interdepartmental conversations at 
work lead to novel exchanges that can spark innovation. Being 
forced out of a routine makes people more creative and open to 
new ideas (scim.ag/JBVVM)). 

A truly diverse workforce also includes the perspectives and 
advantages of the LGBT (lesbian, gay, bisexual, transgender) 
community, says Shane Snowdon, founding director of the 
University of California San Francisco (UCSF) Center for LGBT 
Health & Equity. “People who face discrimination from a young 
age often have extraordinary resilience and problem-solving and 
coping skills—that’s the other side of stigma,” she says. LGBT 
professionals are strongly motivated and a lifetime of awareness 
about others’ perceptions and prejudices makes LGBT leaders 
highly sensitive to team dynamics. Snowdon says that busi- 
ness leaders are realizing this, but surprisingly, life 


UPCOMING FEATURES 
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Diversity 


science researchers can be more conserva- 
tive. They might say it’s because they’re fo- 
cused solely on their research, says Snow- 
don, “But it’s not as if science is divorced from 
the rest of life. Consider how your employees 
are being held back if they can’t be them- 
selves at work.” 


HOW WE GET THERE 

Achieving workplace diversity requires full or- 
ganizational commitment. Debra Leonard is 
chief diversity officer at Weill Cornell Medical 


Produced by the Science/AAAS Custom Publishing Office 


recent surveys have been about diversity. 
Based on the findings that increasing STEM 
diversity is a current priority at U.S. colleges 
and universities, the foundation hosted an 
April 2012 STEM diversity and higher edu- 
cation forum. Rebecca Lucore, the founda- 
tion’s executive director says, “Bayer and 
other companies invest a lot in K-12 STEM 
education programs, but if we put children 
on track to go to college in STEM only to 
be discouraged when they get there, it’s not 
a good return on our investment.” The criti- 


School, where she also holds academic and 
clinical positions. Her mandate comes from 
powerful sources: the Liaison Committee on 
Medical Education requires student and fac- 
ulty diversity for program accreditation and 
the National Institutes of Health have diver- 
sity requirements for funding. With this kind of 
backing, a diversity council or officer can get 
search committees to consider a wider range 
of job candidates, beyond those recommend- 
ed by like-minded colleagues from similar backgrounds. “Other- 
wise, we tend to recruit people who look like us,” says Leonard. 
“It’s not conscious and it’s rare that people are just plain bigoted. 
It’s just the way we do things.” But Leonard’s job of recruiting 
and retaining members of underrepresented groups is not easy. 
The competition for qualified women and minority candidates is 
fierce. The problem, she says, is gaps in the pipeline: “Medical 
schools have outreach programs for high school students and 
undergraduates, but don’t follow through to the residency and 
faculty level. The network doesn’t have enough women and mi- 
norities.” 

This is where mentoring programs can help. They can sup- 
port students, junior employees, and new faculty by connecting 
them with veterans who can advocate for them and show them 
the ropes. Developing a diverse network of role models in aca- 
demia and the public and private sectors is the goal of the Lead- 
ership Alliance, a national consortium of 32 research institutions, 
teaching colleges, and universities. Through a summer intern- 
ship program and symposium, students are offered research op- 
portunities and guidance as they consider career options, apply 
to graduate school, and enter the workforce. Executive Director 
Medeva Ghee explains that the primary focus of the programs 
is mentoring underrepresented groups but Leadership Alliance 
supports people from a range of backgrounds in a variety of 
fields. “We identify students who need the experiences we of- 
fer,” she says. More than 200 Leadership Alliance students have 
earned Ph.D.s and are now mentoring the next generation. The 
country has an urgent need for well-trained employees in the 
STEM fields, says Ghee. “Leadership Alliance meets the soci- 
etal need by mentoring and producing scholars and researchers 
poised to contribute to a competitive 21st century workforce.” 

STEM-based companies have the same goal: an educated, 
motivated, diverse workforce. Bayer USA Foundation, the Bayer 
Corporation’s philanthropic arm, promotes science literacy and 
education through its Making Science Make Sense program. For 
16 years, this has included an annual Facts of Science Educa- 
tion survey of teachers, students, CEOs, and others. The most 


“More than 200 Leadership 
Alliance students have earned 
Ph.D.s and are now mentoring the 
next generation. The country has 
an urgent need for well-trained 
employees in the STEM fields.” 


cal factors, said forum participants, are set- 
ting an expectation of success, encouraging 
students, and providing them with resources 
that build their interest and confidence. “The 
consensus was that traditional weeding-out 
classes are not good for retaining STEM stu- 
dents,” says Lucore. She says that industries 
must play their part by letting students know 
about opportunities in STEM-based careers, 
and being partners in mentoring programs 
and internships that connect students to real-world scientists. Lu- 
core says an additional challenge raised at the forum was how 
to encourage people with disabilities to pursue STEM careers. 

Mentoring students with disabilities who are majoring in STEM 
fields is the goal of Entry Point!, a summer internship program 
from the American Association for the Advancement of Science. 
This year, Merck & Co. selected five Entry Point! students for 
their Future Talent internship program. Stephanie Pallante, 
global university recruiting leader at Merck, says that internship 
opportunities are in research, manufacturing, and beginning this 
year, in global services, which includes information technology. 
Pallante says the Merck managers who work with the interns say 
they rarely need special accommodations and any adjustments 
are outweighed by the benefits of having eager, talented students 
who are “really at the top of their game.” Scientists who work with 
the interns say that they are a breath of fresh air and bring a 
university perspective to the Merck knowledge base. In turn, the 
students get a meaningful experience, says Pallante. “They’re 
not just an extra set of hands working on a project that we make 
up for them. They work alongside our scientists and production 
managers on something that is critical for our business.” 

LGBT scientists also need role models and mentors, says UC- 
SF’s Snowdon. A 2009 survey found that most LGBT employees 
are not out at work about their sexual orientation or gender iden- 
tity (scim.ag/KMVIt5). Companies and academic institutions can 
create a better work environment by offering partner benefits, 
and by using inclusive language in everyday announcements 
and conversations. To LGBT scientists, Snowdon’s message is 
to think about how the world is changing because of LGBT peo- 
ple taking the risk of coming out. “The transformation of society 
we’re seeing in LGBT issues didn’t arise from marches or court 
decisions or large organizations,” she says, “but one person at a 
time coming out to other people. Take a chance and come out. 
It’s inspiring for junior employees, and other people will see that 
someone they worked with for many years is still the same per- 
son after they’ve come out.” 

Business school studies show that a work culture continued> 


—Medeva Ghee 
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LET LIFE TAKE YOU THERE NOW. 


A lot has happened since you ve been away. Your mother turned 

70. Your sister graduated from college. Your nephew took his first 
steps. Your China has transformed from a third-world country to 

a world-class economy. And Life Technologies, the world’s most 
innovative biotechnology company, formed from the merger of 
Applied Biosystems and Invitrogen, is growing fast in China. So now 
there’s no reason to keep missing out on the chance to be closer to 
your family and to be part of a team that makes science easier and 


life better everyday. 


We want to hear from you. Email us at cn.recruitfdlifetech.com technologies” 
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that embraces diversity with a goal of learning and integration 
is more effective at reaping the benefits of multiculturalism than 
one that tries to be “colorblind.” Valuing diversity is the philoso- 
phy at Life Technologies, says Diversity and Inclusion Leader 
Ronita Griffin. The company doesn’t stop at recruiting a varied 
workforce, but engages employees as diversity champions who 
act as mentors internally and as company ambassadors exter- 
nally, at community diversity events. Life Technologies also trains 
its workforce in inclusion, which Griffin describes as “activating, 
respecting, leveraging, and enabling differences—learning how 
to recognize and take advantage of the rich diversity in our work- 
force.” Although workplace diversity training can be met with re- 
sistance, it can be engaging if it is practical, and answers ques- 
tions that people feel uncomfortable asking. LGBT diversity train- 
ing sessions can be intriguing, says Snowdon. “People welcome 
the opportunity to get their questions answered about popula- 
tions they don’t know much about, like transgender people. Even 
employees who dread mandatory training often tell me they'll go 


29 


home and talk about LGBT issues—it’s ‘news they can use’. 


“The bottom line is that 
we have to go beyond just 
celebrating diversity. We 
have to include people on 
an equitable basis.” 
—Cedric Herring 


Featured Participants Additional Resources ) 


Bayer USA Foundation 
www.bayerus.com 


Association of Women 
in Science 


Leadership Alliance Tenens 
www.theleadershipalliance.org EntryPoint! Program 


Life Technologies Neri painhere 


www.lifetechnologies.com 


Merck & Co. 
www.merck.com 


McNair Scholars 
mcnairscholars.com 


National Organization of Gay 
and Lesbian Scientists and 
Technical Professionals 
www.noglstp.net 


University of California San 
Francisco Center for LGBT 
Health & Equity 
Igbt.ucsf.edu National Society of Black 
Engineers 


University of Illinois www.nsbe.org 


at Chicago 
www.uic.edu Out in Science, Technology, 
Engineering, and Mathematics 


University of Texas www.ostem.org 


Southwestern Medical 
School 
www.utsouthwestern.edu 


Weill Cornell Medical 
School 
www.med.cornell.edu 


Society of Hispanic 
Professional Engineers 
www.shpe.org 


Society of Women Engineers 
www.swe.org 
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OVERHAULING THE SYSTEM 

The pool of diverse, talented STEM-educated workers is increas- 
ing, but will not automatically flow into the workplace without 
institutional changes that require careful planning and flexibil- 
ity. Debra Leonard says current career expectations in medical 
schools are “not realistic and not healthy. They are based on an 
old system when women took care of home responsibilities so 
men could work long hours. Today, we need to consider family 
care, for example offering childcare for travel to meetings, which 
are so important for professional development.” In a step in this 
direction, American Society for Cell Biology members can apply 
for childcare grants to attend the organization’s annual meeting, 
which offers advisory sessions on dual-career issues and other 
contemporary professional challenges. The National Science 
Foundation recently announced flexible funding policies to allow 
for time spent on family care. 

Sandra Schmid calls for similar changes in academia. With two 
grown children and a husband, William Balch who is also a mo- 
lecular biology professor, Schmid walks the walk of a modern 
scientist. She says the academic tenure system is an outdated, 
inflexible, “one size fits all’ path that no longer serves science. 
Expecting to hit certain milestones at precise times is too limiting 
to accommodate a diverse scientific workforce. In the general 
U.S. population, more than 70 percent of mothers with children 
work, and science is no exception. People do their most exciting 
work at different times in their career, says Schmid, and should 
be evaluated for their overall potential, not just what they have 
done recently. 

This is supported by results from a 2010 study of life science 
faculty at 50 universities (Scim.ag/LZIlvW). Junior women faculty 
worked fewer hours per week than junior-level men, mainly in the 
research arena; the women’s teaching, administration, clinical, 
and professional activities were similar to men. However, women 
who were full professors worked more hours a week than men at 
the same level, especially in internal administration and external 
professional activities. This pattern probably reflects the greater 
family responsibilities of junior-level women, and the higher de- 
mand for senior-level women as institutions seek to demonstrate 
their diversity. This is why Schmid’s advice to scientists and ad- 
ministrators is, “Take the long view. Priorities are different at dif- 
ferent stages of life, and demands and responses will change 
over time. Try to balance them over a career.” 

In an upcoming book, Critical Diversity: The New Case for 
Inclusion and Equal Opportunity, Herring, with co-author Lo- 
ren Henderson, is expanding his work on the benefits of cor- 
porate diversity to address LGBT, education, class, and wealth 
issues. “The bottom line,” says Herring, “is that we have to 
go beyond just celebrating diversity. We have to include peo- 
ple on an equitable basis.” Achieving this will take fundamen- 
tal institutional changes, he says. “When you have groups 
of people who are systematically underrepresented, you 
have to change things to make sure they are systematically 
included.” 


Chris Tachibana is a science writer based in Seattle, USA, 
and Copenhagen, Denmark 


DOI: 10.1126/science.opms.r1200120 
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Immuno-Oncology 


at the EMD Serono 


Research Institute: 


A Unique Center of Excellence 
for Cancer Immunotherapy 


The new state-of-the-art EMD Serono Research Institute in Billerica, 
MA, equips scientists with cutting-edge technology, an environment 
that fosters collaboration locally and globally, and a culture centered 
on innovation. The primary mission of the lmmuno-Oncology team 

is to create an interdisciplinary environment, which allows critical 
scientific questions in cancer immunology to be addressed, and paves 
the way for the development of new immunotherapeutic modalities 
aimed at treating cancer patients. 


Postdoctoral Research Fellowship 
Immuno-Oncology 
Billerica, MA Ref: 1201568 


The postdoctoral program at the EMD Serono Research Institute 
provides a venue for researchers and clinicians to have regular, 
meaningful interaction with a global network of internationally 
recognized experts. In this highly competitive and unique program, 
young scientists develop and hone their talents through training 
exercises, by providing forums for the exchange of scientific ideas, 
and through funding early efforts in translational cancer immunology. 


This is an unrivaled opportunity to be at the forefront of the field of 
Immuno-Oncology, working with some of the world's most well-known 
scientists. Research will be focused on studying mechanisms which 
lead to immunosuppression in the tumor environment, and tumor 
inflammation. 


Qualifications Include: completed doctoral training in a relevant 
discipline, preferably immunology; strong background in immunology 
or cancer immunology is required. Understanding of cancer biology 
is a strong plus; productive track record and lead-author publications 
in peer-reviewed journals are required, as is a strong desire to 
contribute creatively to the field of tumor immunology; and must 
be able to conduct research independently, while effectively 
collaborating with others in a team. 


EMD Serono Inc. is dedicated to its purpose of advancing scientific and medical 
knowledge. Tapping into the creativity of the best scientific minds is key to 
the company’s innovation strategy. EMD Serono Research Institute's highly 
Marketing-specialized team of researchers is continuously exploring novel 
concepts with the passion of developing potential new treatments for patients. 


To learn more and apply, please visit: 
www.emdserono.com/careers 


EMD Serono, Inc. is an Equal Opportunity/Affirmative Action Employer 


LIVING SCIENCE - TRANSFORMING LIVES 


iEMD Serono EMD" 


From bench to bedside, we are working towards 
the ultimate goal of conquering cancer. 


i is 


Memorial Sloan-Kettering Cancer Center (MSKCC) is one 

of the world's premier cancer centers, committed to exceptional 
patient care, leading-edge research, and superb educational programs. 
The blending of research with patient care is at the heart of everything 
we do. At the Sloan-Kettering Institute (SKI), state-of-the-art 
scientific research flourishes side-by-side with clinical investigation 
and treatment at Memorial Hospital, the nation's oldest cancer 
hospital. We are also one of 41 National Cancer Institute-designated 
Comprehensive Cancer Centers, affirming our leadership in research, 
patient care, and education. 


In our nearly 150 investigatorled laboratories, our investigators, 
500 postdoctoral researchers and over 250 graduate students 
are conducting innovative, cutting-edge research to advance 
understanding in the biomedical sciences to improve the detection, 
diagnosis and treatment of cancer. Our research programs are broad 
and encompass: cancer biology and genetics, human oncology 
and pathogenesis, genomic integrity, regulation of cell behavior, 
developmental and stem cell biology, computational biology, 
immunology/immunotherapy/translation, inflammation and microbial 
biology, neuroscience, structural biology, chemical biology and drug 
discovery. Our investigators also pursue translational research that 
bridges discoveries made in the laboratory and those made in the 
clinical setting; study factors that affect cancer incidence; and conduct 
mathematical and computational research directed at analyzing and 
interpreting biomedical data. 


We believe the close collaboration between our physicians and 
scientists is one of our unique strengths, enabling us to provide 
patients with the best care available today as we work to discover 
more effective strategies to prevent, control, and ultimately cure 
cancer in the future. To learn more about how your knowledge, skills 
and expertise can best be utilized in the pursuit of innovative research 
— whether your background lies in the basic studies of cells’ inner 
workings or late-stage clinical trials of new drugs — or anything in 
between — connect with us today. 


TO APPLY 


Tenure-track faculty positions: 
http://facultysearch.ski.edu 


Postdoc positions: 
www.mskcc.org/research/postdoctoral-research/how-apply 


Research Staff positions: 
www.mskcc.org/jobs 


KETTERING 
— : 


‘Oo 


Memorial Sloan-Kettering 
Cancer Center 


_ MEMORIAL ¢, 


cay, & 
arisueo The Best Cancer Care. Anywhere. 


MSKCC is an equal opportunity and affirmative action employer 
committed to diversity and inclusion in all aspects of recruiting and 
employment. All qualified individuals are encouraged to apply. 
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SCIENCE, MATHEMATICS 
& RESEARCH FOR 
TRANSFORMATION 


PART OF THE NATIONAL DEFENSE 
EDUCATION PROGRAM 
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SMART 


THE PREMIER’SCHOLARSHIPIPROGRAM 2 
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FUTURE SCIENTISTS AND'ENGIN' ; 
The Department of Defense 
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SMART SCHOLARS RECEIVE 


SMART Scholarship 


Science, Mathematics & Research for Transformation 


» Health Insurance 
» Book Allowance 


» Generous Stipend 
» Full Tuition and Fees 


SMART SCHOLARS ARE 


» Summer Internships (multi-year participants) 
» Career Opportunities 


» Outstanding students with demonstrated ability and special 
aptitude in Science, Technology, Engineering & Mathematics 


(STEM) fields 


» Employed, post-degree, as a civilian employee of one of the 
many DoD research facilities 


FOR MORE INFORMATION AND TO APPLY 


http://smart.asee.org/ 


» Undergraduate, graduate, and doctoral students 


» Enrolled, accepted, or seeking acceptance at a U.S. college or 
university (applicants for undergraduate awards must be enrolled) 


» At least 18 years of age and are United States citizens 


QUESTIONS? 


Contact: smart@asee.org 


3 BRAINS 


Diversifying Neuroscience 


Are you a postdoctoral scholar or assistant 
professor in a neuroscience-related field? 


Do you identify as someone from a group 
underrepresented in neuroscience? 


Are you interested in receiving in-depth career 
support and direction over a two-year period? 


Join the BRAINS professional development program 
Apply online through August 15, 2012 
Visit brains.washington.edu 


E-mail brains@uw.edu 


In order to be eligible to participate in BRAINS, you must be 

a citizen or permanent resident of the United States and from 
a group or background recognized as underrepresented in 
neuroscience. Please visit our website for detailed eligibility 
information. Program Funded by NINDS Grant 1R25NS076416-01 


(ieth@list The Methodist 
= Hospital 


Cornell University 
Weill Medical College 


LEADING MEDICINE 


Faculty in PET Chemistry 


The Methodist Hospital Research Institute 
Weill Cornell Medical College 


The Translational Imaging Department in The Methodist Hospital 
Research Institute is recruiting for two PET chemistry professors 
(rank open) to join the dynamic PET program. The department 
manages a brand new state-of-the-art PET facility, including a 
GE PETrace (16.5 MeV) negative ion isochronous cyclotron and 
10 hot cells. It is equipped to synthesize F-18, O-15, N-13, C-11 
and Cu-64 containing PET tracers. The department also operates a 
dedicated human PET/CT scanner (Gemini TF, Philips) for human 
trials and large animal imaging, and a PET/SPECT/CT small animal 
imaging system (Inveon, Siemens). 


The Methodist Hospital Research Institute is centrally located in 
the world largest medical center in Houston, Texas. Experience 
in oncology, neurology or cardiovascular diseases is preferred. 
Applicants should have a successful track record of independent 
federal funding as principle investigators. 


Please submit a curriculum vitae and a brief statement of 
research to: Dr. Ching H. Tung, Department of Translational 
Imaging, Methodist Hospital Research Institute, Houston, TX. 
ctung@tmhs.org. 


| UNIVERSITY e/ MARYLAND 
SCHOOL OF MEDICINE 


PULMONARY AND 
CRITICAL CARE MEDICINE 
FACULTY POSITION 


Asthma Research — The Pulmonary and 
Critical Care Medicine Division at the Uni- 
versity of Maryland School of Medicine seeks 
a Physician Scientist at the Associate or Full 
Professor level to join the University of Mary- 
land Asthma Research Program. Applicants 
must be BC in pulmonary and critical care 
medicine and have ongoing NIH-sponsored 
basic or translational research programs 
focused on asthma. Please reference position 
#03-309-692 when applying. 


All interested candidates should submit cover 
letter, CV and a brief statement summarizing 
clinical and research interests to Jeffrey D. 
Hasday, MD, Division Head, University of 
Maryland Pulmonary and Critical Care 
Medicine Division, c/o Robyn Crandell 
(rcrandel@medicine.umaryland.edu), 
Academic Programs Office, 22 S. Greene 
Street, N3E10, Baltimore, MD, 21201- 
1192. 


Candidates can learn more about the divi- 
sion from our website www.umm.edu/ 
pulmonary/index.html. 


The University of Maryland, Baltimore 
encourages women and minorities to apply 
and is an AA/EEO/ADA Employer. 


Deanship at Peking University School of Life Sciences 


Peking University (PKU) is recruiting a dean for the School of Life Sciences. PKU is a leading 
university in China and intends to strengthen and expand life sciences. The dean is expected to be 
an internationally recognized scientist with enthusiasm to advance education and research in the 
life sciences at PKU. The dean will play a major role with full support from the university and the 
Life Sciences Committee, the Peking-Tsinghua Center for Life Sciences, and the Protein Research 
Platform. Interdisciplinary interaction is a major strength at PKU, with faculty members carrying 
out life sciences research in the Schools of Chemistry, Medicine, Physics, Information Sciences, 
Psychology, Mathematics, Engineering, as well as the Biodynamic Optical Imaging Center, Synthetic 
and Functional Biomolecules Center, the Center for Quantitative Biology and the Institute of 
Molecular Medicine. The dean will lead the School of Life Sciences in a new phase of growth. 


Please send a full CV, names of references and a vision statement on leading the school to the 
following address (Email preferred) before August 20, 2012. 


Mr. Jie CHEN 
Rm 1118, Red Building No. 1 
Peking Univeristy 
Beijing 100871 
P. R. China 
Tel: +86-10-62753563 
Fax: +86-10-62766260 


E-mail: zzbgbs@pku.edu.cn 


Search Committee of Peking University 
July 2, 2012 


DIVERSITY 


Assistant/Associate/ 
Full Professor 


Stony Brook University’s Department of 
Biomedical Engineering is inviting applica- 
tions for an Assistant, Associate or Full 
Professor tenure-track faculty position in 
any BME area. Candidates must have a 
PhD in BME or related field. A minimum 

of two years of postdoctoral experience is 
preferred. Outstanding candidates wishing 
to be considered at the Associate or Full 
Professor level must have active, funded 
research programs in their area of expertise. 
Candidates are expected to develop and 
maintain competitive extramurally funded 
interdisciplinary research programs and 

to excel in teaching at both graduate and 
undergraduate levels. Applications should 
be received by August 15, 2012, but the 
position will remain open until filled. 
Possible start date: January 2013. 


Qualified individuals should submit their 
full CV, statement of research and teach- 
ing interests, and contact information of 
three references to: Stefan Judex, PhD, 
Biomedical Engineering, Bioengineering 
Building, Rm 213, Stony Brook University, 
Stony Brook, NY 11794-5281 


Gi) Stony Brook University 


Stony Brook University/SUNY is an equal opportunity, 
affirmative action employer. 


PROFESSOR/ASSOCIATE 
PROFESSOR 


HARVARD SCHOOL OF DENTAL MEDICINE 


Harvard School of Dental Medicine is recruiting a full time 
Investigator at the level of Professor or Associate Professor in 
the Department of Oral Medicine, Infection and Immunity 
(Chair: Dr. Roland Baron) or Department of Developmental 
Biology (Chair: Dr. Vicki Rosen). 


The Professor/Associate Professor will have laboratory/office 
space in the Research and Education Building in the 
Longwood Medical Area adjacent to Harvard Medical Schoo 
and Harvard School of Public Health, The successfu 
candidate will complement and strengthen current basic and 
translational research in skeletal and vascular biology, genetics 
and pathology. 


The successful candidate must have an outstanding record of 
innovative, internationally recognized and well-funde 
programs in basic science or translational research in 
extracellular matrix biology or in areas of skeleta 
development and disease mechanisms. Significant experience 
in teaching medical/dental and/or graduate students an 
training of postdoctoral fellows is also required. 
Administrative experience with initiating/overseeing/ 
evaluating research programs at the level of 
laboratory/division/or department is highly desirable. 


Interested candidates may submit their 
curriculum vitae to: 


Bjorn R. Olsen, MD, PhD 
Dean for Research 
Harvard School of Dental Medicine 
188 Longwood Avenue 
Boston, MA 02115 
Email: bjorn_olsen@hms.harvard.edu 


Harvard Medical School/Harvard School of Dental Medicine are equal 
opportunity/affirmative action employers. Minorities and women are 
strongly encouraged to apply. 


Beet HARVARD SCHOOL OF 


DENTAL MEDICINE 


University of Minnesota 
Medical School 


Tenure — Track Faculty Positions 


The Department of Integrative Biology and 
Physiology at the University of Minnesota Medi- 
cal School seeks outstanding faculty candidates 
in integrative systems biology, including areas 
of focus in the cardiovascular system, muscle, 
metabolism, obesity, diabetes and stress open to 
all ranks (Assistant, Associate, Full Professor). 
Substantial resources including new state-of-the- 
art research building are committed to this effort: 
http://www.ahc.umn.edu/research/bdd/. 


Successful candidates will have an innovative 
research program that embraces biological com- 
plexity from molecular building blocks to the 
living organism. Applicants must have a strong 
record of research accomplishments, as docu- 
mented by publications in leading peer-reviewed 
journals. A commitment to excellence in teaching 
is essential. Minimum requirements are a PhD, MD 
or MD/PhD with two or more years postdoctoral 
training. Additional information about the depart- 
ment: http://physiology.med.umn.edu/. Informa- 
tion on the vibrant Twin Cities community and 
Minnesota’s acclaimed high quality of life: http: 
//www1.umn.edu/wishyouwerehere/. Applicants 
please apply on-line http://employment.umn.edu; 
requisition number #179062; submit cover letter, 
curriculum vitae, statement of research interests 
and reference letters to this web address. 


The University of Minnesota is an Equal 
Opportunity Educator and Employer. 
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Special Career Feature: August 24 
Reserve your ad by August 7 to guarantee space.* 


*Ads accepted until August 20 if space is still available. ience scienc” 
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Looking for postdocs? Here’s how Science can help: 


Ph.D. scientists ready to make their next career move rely on 
Science for sound analysis and career advice. In this feature, Science 
examines what postdocs can do in the current economic climate to 
advance their career opportunities. Tell these scientists what exciting E-mail: : 
postdoc experiences await them at your university or organization. advertise@sciencecareers.org 


With a worldwide readership of over 700,000 readers, Or telephone us: 
your ad reaches scientists around the globe with varied US: 202-326-6582 
backgrounds. Your ad sits on a special bannered page 
drawing attention to your postdoc opportunities Europe/RoW: +44 (0) 1223 326500 
When it comes to finding the right i late a 
postdoc, Science offers a simple formula: 
relevant content that spotlights your ad+a 


large, qualified audience = your hiring success. 


China/Korea/Singapore/Taiwan/ 
Thailand: +86-1367-1015-294 


ScienceCareers.org 


For recruitment in science, there’s only one AVAAA 


Produced by the Science/AAAS Custom Publishing Office 


Australian 
National 
University 


ANU Climate 
Change Institute 


A major thematic strength of ANU is its 
great breadth in climate change research 

— from fundamental climate science to 
economics, governance, law and public 
policy — underpinned by the quality and 
depth of its expertise. The University seeks 
an outstanding individual for the position of 
Director, Climate Change Institute (CCl). 


The CCl fosters interdisciplinary approaches 
to research and teaching, drawing on the 
wealth of expertise across the University’s 
seven Colleges, and to connect its work to 
governments, the private sector and society. 


Core capabilities span a broad spectrum of 
climate-related areas: 

> Understanding the climate system 

> Human dimensions of climate change 


colleagues from other universities, CSIRO and 
the Bureau of Meteorology. It is connected to 
the international climate change community 
through alliances and networks of ANU staff. 
The ANU Climate Change Institute plays a 
strong role in bringing together expertise from 
the core areas to form interdisciplinary teams 
designed to tackle the most complex climate 
change problems. 


This position has over-arching responsibility 
for enhancing collaborative, cross-disciplinary 
research and education across climate 
science, economics, governance, law and 
public policy. The individual will have a 
proven record of academic leadership and 
management with the capacity to engage 
multiple disciplines in integrated research and 


and institutions 


Professor Andrew Cockburn > Adapting to impacts of 


T +61 2 612 50421 


limate ch 
E Andrew.Cockburn@anu.edu.au i dia 


Sunday 30 September 2012 


anu.edu.au/climatechange 


The CCl is a collaborating partner 
with the ANU Energy Change 
Institute. 


advisory board. 


> Climate change and the 
Asia-Pacific region 
> Mitigation economics, policy 


The CCl is cross-campus and cross- 
disciplinary, with over 200 academic staff 
across all seven Colleges being affiliated 
with the Institute. The Director reports to 
the Director of the ANU College of Medicine 
Biology and Environment, and works with 
three Deputy-Directors, a secretariat and an 


The CCl collaborates nationally through the 
Universities Climate Consortium and with 


teaching, and will have the opportunity to 
pursue their own research program. 


The Director will be responsible for developing 
and implementing the Institute’s strategic 
plans in research and education, for engaging 
in outreach and policy engagement with 
government, industry and the community, 

for communicating a broad range of 

climate change research and informing 

policy development, and for enhancing the 
University’s reputation in climate change 
science and policy. 


This position is a Professor (Level E) — an 
attractive remuneration package will be 
negotiated with the successful candidate. 


anu.edu.au/jobs 


Call for applications for the position of 


° Chief Scientist 
RIKEN RIKEN SPring-8 Center, JAPAN 


RIKEN invites applications for two Chief Scientists (Laboratory 
Directors) in the area of XFEL/SR research. The RIKEN SPring-8 
Center (RSC) is a photon science research institute with two 
world-class facilities: SACLA an X-ray Free Electron Laser 
(XFEL) and SPring-8 a 3" generation synchrotron radiation (SR) 
facility. One Chief Scientists will join the Innovative Light 
Sources Division and one will join the Photon Science Research 
Division. 


The post is a permanent appointment, subject to RIKEN's mandatory 
retirement age of 60. RIKEN expects that the successful applicant 
will be able to take up this position on April 1, 2013. 


Applicants should send a full curriculum vitae and photograph; list 
of publications; one copy each of five key publications; Choice of 
Division and a statement (five sides of A4) explaining their research 
experience, reasons for their application and proposals for research 
planning at RIKEN. In addition, the names and addresses of three 
referees are required. Further details are available from the address 
below. Refer to the URL for more details. 

All documents should reach RIKEN by 30" Sep. 2012. 


Applicants should address all correspondence to: 

Dr.Masaki Takata, Head of the Chief Scientist Nominating 
Committee, Structural Materials Science Laboratory, RIKEN 
SPring-8 Center, RIKEN Harima Institute , Koto 1-1-1, Sayo-cho, 
Sayo, Hyougo 679-5148, Japan. E-mail: takatama@spring8.or.jp 
For more information, please visit: 

http://www. riken.jp/engn/r-world/info/recruit/k120930_e_rsc.html 


Faculty Positions at School of Public Health 


The School of Public Health at Soochow University, formerly Radiological 
Health at Suzhou Medical College, was established in 1964. Currently, 
it consists of six departments, one central laboratory and one research 
institute with 60 staff members and over 70 graduate students and 300 
undergraduate students. 


We are seeking outstanding scholars of all academic ranks in the 
area of public health with emphasis on Nutrition and Food Health, 
Environmental and Occupational Health, Toxicology, Maternal 
and Child Health, Epidemiology and Biostatistics, Social Medicine 
and Molecular Genetics. Successful candidates should have a doctoral 
degree, post-doctoral training, substantial research experience in related 
fields, and strong publication records in top journals. Senior candidates 
are expected to have successful track records of developing independent 
research programs and participating in collaborative research projects 
nationally and internationally. Extensive professional experiences in 
teaching, mentoring and public service are preferred. 


Successful applicants will be offered a generous package including 
sufficient lab space, start-up funding, relocation aid, competitive salary 
and other employee benefits. 


Applicants should submit a cover letter describing research/teaching 
experiences and research plans, curriculum vitae, and a list of three 
professional references. Send all documents to Hongliang Zhong, 
School of Public Health, Medical College of Soochow University, 
199 Ren-Ai Road, Suzhou Industrial Park, Suzhou 215123, Jiangsu, 
China; E-mail: hlzhong@suda.edu.cn 
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Special Career Feature: September 14 
Reserve your ad by August 28 to guarantee space.* 


*Ads accepted until September 10 if space is still available. 
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Hiring Faculty? Here’s why you should advertise in this issue: 


This special focus on balancing faculty duties with entrepreneurship 
will be a must-read for those pursuing faculty positions —or anyone working 


in the academic sector. 


E-mail: 
With over 57% of our weekly readers working in advertise@sciencecareers.org 
academia and 67% with Ph.D.s, Science connects 
you with more scientists in academia than any Or telephone us: 
other publication. US: 202-326-6582 
If you are looking to hire faculty, Europe/RoW: +44 (0) 1223 326500 
Science offers a simple formula: relevant Japan: +81-50-3696-5100 


content that spotlights your ad + a large 


qualified audience = hiring success. China} Rerea/Singapers/Talwalt/ 


Thailand: +86-1367-1015-294 


ScienceCareers.org 


For recruitment in science, there’s only one Science 


Produced by the Science/AAAS Custom Publishing Office 


Universidad de 


los Andes 


Faculty of Sciences 


Open positions in the 
Department of Chemistry: 


- Inorganic Chemistry 

- Theoretical Chemistry 

- Molecular Biochemistry 
Educational minimum 
requirements: 


- BSc and MSc in Chemistry, 
- Doctorate in Science, 
- International experience (e. g. Postdoc). 


Job description: full time 


We expect: 
A. Research experience documented by 
original publications in refereed journals 


B. Willingness to teach in one of the 
above mentioned areas 


Application deadline: 
September 20th, 2012 


Complete applications should be sent, 
per email only, to: 
wbaumann@uniandes.edu.co 


To learn more, visit 
aaas.org/plusyou/sciencecareers 


AAAS is here - helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit SclenceCareers.org in search of 
the information, advice, and opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools 
and services developed specifically for scientists. With hundreds of career development 
articles, webinars and downloadable booklets filled with practical advice, a community 
forum providing answers to career questions, and thousands of job listings in academia, 
government, and industry, Science Careers has helped countless individuals prepare 
themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the 
scientific community. If you’re not a member, join us. Together we can make a difference. 


MVAAAS +U=A 


Department of Pathology and Laboratory Medicine 
The Warren Alpert Medical School 
of Brown University 


\Q} icy NIEHS Training Program in Environmental Pathology 
Post Doctoral Research Fellow 


This training provides the opportunity to develop an independent research 
project using the tools of cell biology, biochemistry, molecular biology, and 
molecular epidemiology to study the basic mechanisms of disease related to 
environmental exposures. Strong emphasis is placed on career development, 
communication skills, grantsmanship, interdisciplinary research, and implica- 
tions of basic research for diagnosis and prevention of human disease. Oppor- 
tunities are provided for clinical and translational research collabortations at 
Rhode Island Hospital and Women & Infants Hospital, as well as field work and 
community outreach in Rhode Island in collaboration with the Brown Super- 
fund Basic Research Program. The faculty have active, well funded research 
programs and access to modern research facilities equipped for quantitative 
imaging; laser capture microdissection; genomics, epigenomics, and proteomics; 
flow cytometry; and transgenic animal models. 


The research faculty mentors include: Jorge Albina, M.D. (inflammatory media- 


tors and cell injury), Kim Boekelheide, M.D., Ph.D. (reproductive toxicology), 
Sarah Delaney, Ph.D. (genetic toxicology), Monique De Paepe, M.D. (pulmo- 
nary toxicology), Phillip Gruppuso, M.D. (metabolic syndrome) Joshua Hamil- 
ton, Ph.D. (arsenic toxicology), Agnes B. Kane, M.D., Ph.D. (nanotoxicology), 
Karl Kelsey, M.D., M.O.H. (molecular epidemiology), James Padbury, M.D. 
(placental dysfunction), Surendra Sharma, Ph.D. (adverse pregnancy outcomes), 
Anatology Zhitkovich, Ph.D. (metals and genetic toxicology). 


The candidate is expected to have a Ph.D. degree in toxicology, molecular or 
cell biology, or biochemistry. Candidates must be eligible for training grant 
support provided by the NIEHS Training Program in Environmental Pathology. 
This is a twelve-month appointment at 100% effort. Candidates should send 
a letter of application, curriculum vitae, and three letters of recommendation 
to:Agnes B. Kane, M.D., Ph.D., Professor and Chair, Director, NIEHS 
Training Program in Environmental Pathology, Department of Pathology 
and Laboratory Medicine, The Warren Alpert Medical School of Brown 
University, Box G-E5, Providence, Rhode Island 02912. 


Brown University is an EEO/AA Employer and invites applications from 
women and minorities. 


MEETINGS 


¢ 


; cogerea INTERNATIONAL PARTNERING EVENT Moro » 


BioJanan 2012 ¢ ” 
~ = World Business Foru 


Da .. 10% - 12, 2012 Yokohama, JAPAN 


BioJapan - The leading partnering event in Japan - has played an important role in 
facilitating interaction between Japanese and international companies/organizations 
and stimulating new business opportunities. 

Our brand new online partnering system will make it possible for you to send requests 
in advance to set up a meeting on-site with other participants, The system is 
expected to attract more than 1,000 delegates. Register Now! 


http://www.ics-expo.jp/biojapan/en 


Registration fee : JPY50,000 per person 


includes 
‘Access to the online partnering system 
-Access to the exhibition hall & partnering booth area 
*Lunch for all 3 days at the partnering booth area 
-Wednesday Welcome Reception 
-Thursday Partnering Party 


Organizer : 

BioJapan Organizing Committee 
Japan Bivindusiry Associalioan 
Japan Health Sciences Foundation 
Japan Association for Techno-innovation in Agriculture, forestry 
Japan Biological Informatics Consorilum 
Japan Association of Bioindustries Executives ; 
Japan Pharmaceutical Manufacturers Association <= 
NPO Kinki Bio-industry Development Organization 
Research Institute of Innovative Technology for the Earth 

ICS Convention Design, Inc. 
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POSTDOCTORAL SCHOLARS PROGRAM 
Arizona State University Bisgrove 


Arizona State University Graduate College is now 
accepting applications for the Bisgrove Postdoctoral 
Scholars Program. The award (sponsored by Science 
Foundation Arizona) is designed to attract the nation’s 
best early career scientists and engineers who exhibit 
the potential for outstanding competence and creativ- 
ity in their research areas, strong communication skills, 
a passion for communicating the importance of their 
research to society, and a keen interest in educational 
science outreach to the community. Individuals eligible to 
apply are U.S. citizens or permanent residents of the U.S. Appli- 
cants should demonstrate research training and poten- 
tial to transform ideas into value for society and the 
interest to work at the convergence of several disci- 
plines. For application and submission procedures, go 
to website: http://graduate.asu.edu/bisgrove. 


ASSISTANT PROFESSOR of 
Terrestrial Paleoecology & Plant Ecology 
University of Maine 


The School of Biology & Ecology and the Climate 
Change Institute at the University of Maine (UMaine) 
seek a TERRESTRIAL PALYNOLOGIST with a 
strong background in plant ecology. 

Responsibilities: Develop an internationally recog- 
nized research program addressing fundamental ques- 
tions of response in terrestrial plant ecosystems to past 
and present climate change. We are especially interested 
in applicants with interdisciplinary interests and skills 
that will result in an integrative and collaborative ap- 
proach to complex problems in basic and applied biology. 
The individual’s research interests should complement 
the substantial interdisciplinary and international pro- 
gram in the Climate Change Institute (website: http:// 
climatechange.umaine.edu) and the School of Biolo- 
gy and Ecology (website: http: //biology.umaine.edu). 
The successful applicant will have a joint appointment 
in the two units, with position responsibilities distributed 
as 50% research and 50% teaching. Teaching responsi- 
bilities include two advanced undergraduate/graduate 
courses (one in terrestrial plant ecology, and the other in 
paleoecology) offered in alternating years, an under- 
graduate course in some aspect of plant biology, and a 
graduate seminar course. The faculty member is also 
expected to participate in undergraduate advising and 
graduate student training, and to have an active and 
successful extramurally supported research program. 
The University of Maine offers a variety of interdiscipli- 
nary collaborative opportunities for faculty and students 
as well as access to a diverse range of field sites and 
modern research facilities and instrumentation. 

Qualifications: A Ph.D. is required by date of hire in 
a relevant area of biological or environmental sciences, 
with a background in terrestrial plant ecology. In ad- 
dition, a documented ability to conduct high-quality 
scientific research, as evidenced by publications in peer- 
reviewed journals, is essential. Other measures of po- 
tential for success such as postdoctoral experience, prior 
success in obtaining funding, student teaching, men- 
toring, and interdisciplinary collaboration are desirable. 

To apply, submit curriculum vitae, statements of 
teaching and research interests, unofficial copies of tran- 
scripts, and three letters of recommendation in PDF 
form to e-mail: sbe@umit.maine.edu or in hard copy 
to: Chair, Terrestrial Paleoecology Search Committee, 
School of Biology & Ecology, 5751 Murray Hall, 
University of Maine, Orono, ME, 04469. Review of 
applications will begin August 27, 2012 and will con- 
tinue until the position is filled. Incomplete applica- 
tions cannot be considered. Appropriate background 
checks will be required. 

On January 1, 2011, UMaine became a tobacco-free 
campus. Information regarding UMaine’s tobacco- 
free policy is online at website: http://umaine.edu/ 
tobaccofree/. 

The University of Maine is an Equal Employment Opportunity/ 
Affirmative Action Employer. 
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POSITIONS OPEN 


Molecular Biology & Biotechnology 
Weill Cornell Medical College 


Positions available for development of innovative ther- 
apeutic and diagnostic approaches. Applicant should 
have a Ph.D. with at least three years of postdoctoral 
training preferably in infectious disease or cancer re- 
search, with expertise in molecular biology, genomics, 
bioinformatics, liquid-handling robotics, and/or auto- 
mation in protein, DNA, and PCR technology. Excel- 
lent communication skills and ability to co-write grant 
applications is required. Competitive salary commen- 
surate with experience. Send curriculum vitae and names 
of three references to: Professor Francis Barany, De- 
partment of Microbiology, Box 62, Weill Cornell 
Medical College, 1300 York Ave, New York, NY 
10065. Fax: 212-746-7983. E-mail: barany@med. 
cornell.edu Equal Opportunity Employer. 


DUKE UNIVERSITY FACULTY POSITION 


The Department of Dermatology at Duke Univer- 
sity Medical Center is seeking outstanding applicants 
for a research faculty position at the ASSISTANT, 
ASSOCIATE, or FULL PROFESSOR level. Appli- 
cants should have an M.D., Ph.D., or M.D.-Ph.D. de- 
gree. Although applicants with expertise in epigenetics/ 
genomics research are preferred, we are looking for 
applicants with creativity and demonstrated research 
excellence in any area of skin research including skin 
cancer, immunology, and cell biology. A competitive 
startup package, as well as opportunities for joint ap- 
pointment in a basic science department, will be avail- 
able for this position. 

Interested candidates should send a copy of his/her 
curriculum vitae, a statement of research goals, and 
contact information for three references to: 


Russell P. Hall ITI, M.D. 
J. Lamar Callaway Professor and Chair 
Department of Dermatology 
Duke University School of Medicine 
Box 3135 
Durham, NC 27710 

Telephone: 919-684-3110; fax: 919-684-3002 

Applications will be accepted via e-mail: virginia. 
king-barker@duke.edu. 

Duke is committed to achieving excellence through diversity. 
Duke University is an Equal Opportunity /Affirmative Action 
Employer. 


Help employers 
find you. Post 
your resume/cv. 
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From the journal Science 


www.ScienceCareers.org 


Nontraditional 
Careers: 


Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/ 
webinar 


Produced by the 
Science/AAAS Business Office. 
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